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SUMMARY 


\ 

V 

This  volume  contains  the  texts  and  ensuing  discussions  of  papers  presented  in  Session  B 
of  the  AGARD  Aerospace  Medical  Panel’s  36th  Specialists'  meeting  on  'High-Speed,  Low-Level 
Flight’  Aircrew  Factors’,  held  in  Lisbon,  Portugal,  from  October  24th-26th,  1979.  The 
Session  was  sponsored  by  the  Biodynamics  Sub-Committee  o  the  Aerospace  Medical  Panel, 
and  included  invited  contributions  from  the  Fligh  Mechanics,  and  Guidance  and  Control  Panels. 

The  Session,  of  four  half-days,  was  arranged  in  five  parts,  the  specific  subjects  considered 
in  the  28  papers  being:  Ride  Quality  and  the  Effect  of  the  Physical  Environment;  Thermal 
Effects,  Vibration  Effects;  Cockpit  Design  and  Aircrew  Workload;  and  Escape  and  Survival. 
Particular  attention  was  paid  to  ride-bumpiness  and  the  influence  of  airframe  design  and 
control  strategy,  the  effects  of  vibration  on  vision,  and  the  problems  and  potential  uses  of 
helmet  mounted  sights  and  displays. 

The  Proceedings  are  completed  by  the  summaries  of  the  five  sub-session  chairmen;  and 
by  the  technical  evaluation  of  the  organiser  and  editor. 
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The  subject  of  'High-Speed,  Low-Level  Flight  :  Aircrew  Factors'  was  proposed  as  a  topic  for  a  specia¬ 
lists'  meeting  of  the  Aerospace  Medical  Panel  of  ACARD  by  the  Biodynamics  Subcommittee  at  its  annual 
meeting  in  Athens  in  1976.  To  quote  the  theme  from  the  subsequent  call  for  papers:  'Pec*-nt  developments 
in  radar  and  missile  systems  indicate  that  high-speed  flight  at  low  levels  offers  the  optimum  means  for 
reaching  targets  deep  within  defended  territory.  Furthermore,  the  faster  and  closer  to  the  ground  that 
such  flight  can  reliably  be  achieved,  the  greater  the  chance  of  mission  success.  Unfortunately,  consider¬ 
able  physical  and  mental  stresses  are  imposed  on  the  aircrew.  The  physical  stresses  are  primarily  depen¬ 
dent  upon  speed,  height,  terrain  and  atmospheric  conditions,  hut  are  amenable  to  modi  fiction  by  aircraft 
design  and  control  strategy.  Aircrew  workload  may  also  be  reduced  by  automation  ar.d  Ly  improvements  in 
system  management  techniques.  Recommendations  are  needed  for  current  operating  systems,  for  modif icatio. s 
to  existing  systems  and  for  the  design  of  new  systems.  It  is,  therefore,  desirable  that  workers  within 
the  compass  of  Guidance  and  Control,  Flight  Mechanics  and  Aerospace  Medicine,  should  meet  to  discuss  air¬ 
crew  factors  in  high-speed,  low-level  flight,  with  a  view  to  enhancing  the  performance  of  the  man  and  the 
system  and  improving  the  chances  of  survival  of  both  in  this  demanding  environment'. 

Papers  were  invited  on  the  influence  of  the  physical  environment;  the  effects  of  high-speed,  low-level 
flight  on  man;  and  specific  high-speed,  low-level  aspects  of  cockpit  design,  aircrew  workload,  aircrew 
equipment,  and  escape  and  survival.  Review  papers  were  invited  through  the  Guidance  and  Control  and 
Flight  Mechanics  Panels  of  AGARD. 

In  the  event,  28  papers  were  selected  from  invited  and  volunteered  abstracts  and  these  fell  naturally 
into  five  categories.  These  were  :  Ride  Quality  and  the  Effect  of  the  Physical  Environment  (four  papers 
including  the  invited  FMP  contribution).  Thermal  Effects  (three  papers).  Vibration  Effects  (eight  papers), 
Cockpit  Design  and  Aircrew  Workload  (seven  papers  including  the  invited  GCP  contribution),  and  Escape  and 
Survival  (six  papers).  A  small  amount  of  juggling  then  produced  the  required  four,  halt-day  sessions 
allowed  for  in  the  timetable  for  Session  B  of  the  36th  Specialists'  Meeting  of  the  Aerospace  Medical  Panel 
of  AGARD.  It  was  held  at  the  Instituto  da  Defesa  N'acional,  Caljada  das  Necessidades  No  5,  1300  Lisbon, 
Portugal,  on  24-26  October  1979. 

The  opening  paper  in  Part  I  was  contributed  by  Mr  J.G.  Jones  on  behalf  of  the  Flight  Mechanics  Panel 
and  was,  to  coin  a  phrase,  just  what  the  doctors  ordered.  It  showed  the  relation  between  the  stress, 
measured  either  as  the  probability  distribution  or  power  spectral  density  of  the  acceleration  response, 
and  the  speed,  height,  terrain  and  atmospheric  conditions;  and  showed  how  the  stress  is  affected  by  air¬ 
craft  design  and  control  strategy.-  Thus,  'ride-bumpiness'  is  dependent  upon  primary  airframe  character¬ 
istics  such  as  wing  loading,  lift-curve  slope  (aspect  ratio,  leading  edge  sweep)  and  speed,  and  can  be 
accurately  predicted  (and  anticipated).  It  is  essentially  intermittent  with  discrete  bumps  and  poses 
considerable  problems  in  measurement  and  simulation.  A  further  factor  is  the  'vibration'  caused  by  the 
response  of  the  flexible  airframe  structure.  A  figure  of  10  Hz  is  typical  for  the  dominant  mode  of  a 
small  highly  manoeuvrable  aircraft. 

Active  control  systems  can  be  designed  specifically  to  improve  ride-quality,  but  if  employed 
primarily  to  improve  manoeuvrability,  can  have  the  opposite  effect.  Thus,  co-operation  between  designer 
and  aviation  medicine  specialist  is  essential  if  the  optimum  overall  performance  (man  plus  machin  '  is  to 
be  obtained. 

In  the  next  paper  (K.R.  Krames,  B2)  it  was  stressed  that  meteorological  factors  are  respons.-it  for 
a  significant  proportion  of  severe  accidents  as  well  as  for  variations  in  aircrew  performance.-  The  most 
important  factors  are  turbulence  caused  by  winds,  low  level  jets,  rotors,  temperature  gradients,  aid  so  on, 
and  poor  visibility  occasioned  by  dust  and  salt  particles,  precipitation,  industrial  pollutants  and  insect 
and  bird  stri>  is.  Other  factors  discussed  were  icing,  thunderstorms,  sleet  and  hail,  and  the  contentious 
question  as  _o  whether  a  pilot's  reaction  time,  per  sc,  is  affected  by  meteorological  factors.  The  author 
concluded  th->t  detailed  knowledge  of  all  these  various  factors  enables  the  assignment  of  flight  routes  and 
levels  presenting  minimum  flight  hazards,  and  so  reduces  the  influence  of  the  weather  factor  in  aircraft 
accidents . 

Mr  J.  Lee  then  presented  a  pi’ot's  viewpoint  (paper  B3)  and  showed  how  advances  in  aircraft  design 
(from  Hunter  to  Tornado)  had  altered  the  effects  of  weather,  terrain  following  flight  and  aircraft  hand¬ 
ling.,  He  concluded  that  great  strides  had  been  made,  but  that  areas  where  further  development  is  re¬ 
quired  include  performance,  handling,  guidance  and  navigation,  and  'vehicle  design  characteristics',. 

Finally,  in  Part  I,  Colonel  De  Hart  discussed  the  challenges  to  biotechnology  presented  by  operational 
high-speed,  low-level  flight,  and  illustrated  progress  being  made  by  films  which  compared  the  manually 
controlled  flight  of  the  B-52  with  the  automated  control  of  the  Fill  and  the  low  level  agility  of  the 
A-10  (paper  B4).  Thus,  vibration  has  become  less  of  a  problem  and  automated  systems  have  earned  the  con¬ 
fidence  of  aircrew.  However,  the  specialist  in  aerospace  medicine  'must  ensure  that  sophisticated  systems 
do  in  fact  off  load  peripheral  tasks  of  the  pilot  and  increase  his  performance  and  ability  to  accomplish 
successfully  the  mission  in  a  high  threat  combat  environment'. 

Part  II  consisted  of  three  papers  on  the  thermal  problems  of  high-speed,  low-level  flight.  In  these 
presentations  there  was  considerable  consensus  that  cabin  conditioning  has  not  improved  in  line  with  other 
systems,  that  overheating  still  poses  a  considerable  problem  and  that  deep  body  temperatures  recorded  in 
current  aircraft  when  flying  at  high-speed  and  low-level  in  warm  conditions  can  cause  a  reduction  in  the 
operational  capability  of  the  aircrew..  Two  of  the  papers  presented  fresh  evidence  that  heating  decreases 
performance,  the  tasks  employed  being  a  two-axis  pursuit  plus  reaction  time  (.1.  Timbal  and  J.  Colin,  paper 


!\ 


•  f 


B5)  and  a  flight  simulator  (T.M.;  Gibson  et  al,  paper  B6).  These  latter  authors  shoved  that,  for  the  same 
deep  body  temperature,  performance  is  worse  during  heating  than  during  pooling,  and  this  can  lead  to 
drastic  errors  as  well  as  to  less  accurate  operation  of  the  simulator.  In  paper  B7,  R.F.  Stribley  and 
S.A.  Nunneley  made  the  case  for  having  a  physiologically  based  specification  for  the  environmental  control 
system  so  that  mean  skin  temperature  would  be  kept  below  35°C  at  all  times. 

It  is  apparent  that  thermal  problems  will  be  with  us  for  some  time  to  come  and  that  aircraft 
designers  should  raise  the  priority  with  which  they  treat  cabin  conditioning.  Furthermore,  air  ventilated 
and  liquid  cooled  suits  will  stil1  be  required  under  certain  conditions,  especially  in  view  of  the  addi¬ 
tional  thermal  load  from  clothing  required  for  chemical  defence  and  cold-water  survival. 

In  Part  III,  three  quartets  of  the  papers  were  concerned  with  the  transmission  of  vibration  to  the 
head  and  the  resulting  impairment  of  vision;  a  not  surprising  proportion  considering  the  importance  of 
vie ion  to  aircrew.  L.  Vogt  et  al,  (paper  BIO)  described  studies  in  which  they  had  looked  at  head  motion 
in  two  axes  (Z  and  X)  in  response  to  single  axis  (Z)  whole  body  vibration.  Without  a  headrest  the  ampli¬ 
tude  of  the  horizontal  vibration  component  at  resonance  is  about  three  quarters  that  of  the  vertical  so 
that  published  transmissibility  curves  for  sitting  humans  by  no  means  represent  the  complete  reactions  of 
the  body  to  vibration  stress.  These  data  will  be  of  importance  in  the  formulation  of  adequate  mechanical 
or  mathematical  models  of  the  boc/'s  response  and  should  stimulate  further  studies. 

In  the  next  paper  (M.E.,  Johnston,  Bll)  the  effect  of  a  'G-tolerant'  reclined  seat  was  considered  in 
respect  to  the  transmission  of  vibration  to  the  head.  Head  motion  incre.  as  the  seat  back  angle  to  the 
vertical  is  increased,  and  is  considerably  exacerbated  by  contact  with  the  headrest.  This  could  pose  a 
problem  to  comfort  and  vision  and  demands  further  attention,  notably  the  design  of  a  headrest  incorporating 
vibration  isolation  and  the  provision  of  adequate  shoulder  support  to  allow  the  head  to  be  carried  com¬ 
fortably  off  the  headrest. 

In  the  next  paper  (B12)  Dr  G.R  Barnes  looked  at  the  effect  of  vibration  on  vision  in  relation  to  the 
pursuit  and  vestibulo-ocular  refleies.  These  effects  are  especially  important  with  the  advent  of  helmet 
mounted  sights  since  reflex  eye  movements  may  then  become  inappropriate.  These  and  other  studies  (i.e., 
papers  B13,  M.E.  Johnston  and  J.H.  Wharf,  and  B14,  N.O.  Tatham)  provide  information  for  the  design  of 
helmet  mounted  displays  -  character  size,  character  separation,  luminance  etc  -  and  suggest  that  vibration 
will  continue  to  be  a  problem  in  the  legibility  of  all  types  of  display.  The  third  of  these  papers  (B14) 
showed  that  laboratory  data  from  subjects  exposed  to  a  realistic  vibration  input  gives  a  gcod  correlation 
with  the  accuracy  of  aiming  using  helmet  mounted  sights  in  real  flight.-  Possible  methods  for  improving 
aiming  accuracy  were  looked  at  and  one  which  gives  a  greater  signal  to  noise  ratio  by  scaling  the  output 
of  the  sight  appears  effective,  though  requires  the  use  of  an  additional  display  surface  rather  than  a 
simple  reticle.  It  is  clear  that  much  basic  research  is  still  needed  to  perfect  a  helmet  mounted  sight 
system  which  can  be  used  effectively  in  high-speed,  low-level  flight. 

Of  the  other  papers  in  Part  III,  one  (P.Quandieu  et  al,  B3)  described  basic  research  on  the  trans¬ 
mission  of  vibration  in  non-human  primates  and  introduced  the  concept  of  dynamic  mass,  whilst  a  second 
(J.C.  Guignard  et  al,  B9)  described  a  metnod  for  studying  human  biodynamic  response  to  similar  Z-axis 
whole-body  vibration.  This  latter  study  made  use  of  man-mounted  inertial  instrumentation  and  a  data 
reduction  technique  already  established  for  impact  research  at  the  Naval  Aerospace  Medical  Research  Lab¬ 
oratory  Detachment.  The  final  paper  in  this  part  (D.J.  Thomas  et  al,  B13)  summarised  clinical  effects 
which  had  been  noted  since  1974  in  studies  of  head  and  neck  response  to  impact  forces.  Symptoms  and  signs, 
most  commonly  headaches  and  neck  strain,  but  also  including  11  cases  of  syncope,  had  occurred  in  625  of 
1621  exposures  (40Z).  Despite  this  wealth  of  data,  ’the  transition  levels  from  transient  symptoms  to 
injury  to  permanent  damage  are  unknown1.  This  information  is  however,  essential  for  the  appropriate  design 
of  crash  restraint  systems. 

Part  IV,  on  cockpit  design  and  aircrew  workload,  opened  with  the  Guidance  and  Control  Panel's  con¬ 
tribution  (paper  B16)  in  which  Morris  A.  Ostgaard  led  us  from  the  first  flight  stabilizer  of  1914,  through 
early  fly-by-wire  systems,  to  a  futuristic  cockpit  which  could  provide  'one  man,  night  all-weather  low 
visibility  at  low  altitude'.  Whilst  this  technological  progress  should  have  reduced  workload  by  taking 
over  many  of  the  pilot's  tasks,  workload  has  actually  been  maintained  by  a  parallel  development  from  simple 
vehicle  to  an  'air  warfare  system'.;  The  tendency  to  utilist  technology  to  increase  capability  rather  than 
reduce  workload  is  understandable,  and  probably  inevitable  if  optimum  overall  performance  is  to  be  obtained 
from  the  man-machine  system.  However,  improved  electronic  displays  should  be  capable  of  reducing  workload 
in  real  terms,  especially  during  high-speed,  low-level  flight  in  poor  visibility,  and  this  must  be  a 
primary  design  goal. 

The  next  paper  (H.  Mutschler,  B17;  considered  one  feature  of  an  electronic  display  (in  this  case  a 
black  and  white  TV),  namely  the  ability  of  an  operator  to  detect  military  vehicles  in  static  ground  scenes. 
Factors  examined  included  viewing  time,  line  resolution  and  contrast,  as  well  as  various  aspects  of  the 
scene.  Many  of  the  conclusions  are  appropriate  to  cockpit  displays,  especially  to  the  jse  of  low-light  TV. 
The  following  two  papers  were  concerned  directly  with  cockpit  displays.  In  the  first  of  these 
(R.H.  Holmes,  B18)  the  design  of  the  display  was  discussed  in  relation  to  workload  during  high-speed,  low- 
level  flight.  It  was  concluded  that  the  pilot  should  not  have  to  look  at  essential  controls  in  order  to 
operate  them  (hence,  dedicated  controls  are  still  required  despite  the  saving  of  space  offered  by  the 
multi-functional  approach),  and  displays  should  be  capable  of  swift  interpretation,  both  features  serving 
to  reduce  the  time  during  which  vision  of  the  outside  world  is  lost.  Arguments  were  also  advanced  for 
making  electronic  display  formats  similar  to  those  of  their  mechanical  forbears,  and  for  eliminating 
unessential  information,  especially  in  the  area  of  systems  and  warnings  displays.  The  second  of  these 
papers  (D.W.  Hussey,  B19)  discussed  in  detail  the  generation  of  colour  displays  and  their  application  to 
reduce  workload.  Beam  indexed  colour  displays  will  soon  (early  1980s)  become  available  for  airborne  use. 
However,  '.olour  has  to  be  used  sparingly  and  meaningfully  since  its  indiscriminate  use  can  prove  self- 
defeating. 
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The  last  three  papers  in  Part  IV  were  again  concerned  with  helmet  mounted  displays.  It  was  shown 
(D.N.  Jarrett,  Paper  B20)  that  movement  of  the  helmet  (and  display)  relative  to  the  head  is  less  with  a 
realistic  vibration  input  than  with  voluntary  head  motion.  Also,  the  degrading  effect  of  vibration  can 
be  countered  by  increasing  the  luminance  of  the  display.  The  second  paper  (C.T.  Chisum,  B21)  discussed 
the  role  of  such  displays  in  the  high-speed,  low-level  environment  in  relation  to  terrain  information, 
threat  detection  and  aircraft  information,  and  highlighted  many  areas  requiring  further  research.  These 
include  what  information  to  offer,  what  symbology  to  use,  the  optimum  field  of  view  and  brightness,  and 
whether  the  display  should  be  monocular  or  binocular.  In  particular,  buffet  can  make  a  helmet  mounted 
sight  unusable.  The  final  paper  in  this  part  (H.  Rosenwasser  et  al,  B22)  gave  a  review  of  programmes  of 
research  currently  sponsored  by  the  Naval  Air  Systems  Command  which  are  related  to  visual  enhancement. 
These  programmes  range  from  fundamental  research  on  the  photo-activation  of  the  retina  and  the  possible 
use  of  visually  evoked  cortical  responses  to  contrel  G-suit  inflation,  to  the  use  of  spectrally  selective 
filters  to  improve  visual  performance. 

Part  V  opened  with  a  review  of  human  factors  in  accidents  occurring  at  high-speed  and  low  level 
(R.C.  Rud  and  D.F.  Leben,  B22).  The  observation  that  weather  is  the  most  influential  factor  and  that  in 
European  operations  it  played  a  part  in  10  of  19  accidents  supports  the  conclusion  of  paper  B2.  Low  over¬ 
cast  and  snow  showers  are  the  dominant  factors.  Not  surprisingly,  visual  problems  -  white-out,  visual 
illusions  -  were  the  most  significant  human  factor  demonstrated.  Other  factors  not  necessarily  specifi¬ 
cally  relating  to  high-speed,  low-level  flight,  but  more  likely  to  lead  to  an  accident  under  these  flight 
conditions,  are  the  so-called  'mission  completion  syndrome',  physical  fatigue,  psychological  stress  and 
task  overload. 

Four  of  the  last  five  papers  were  concerned  with  ejection  systems.  Paper  B24  (C.D.  Frisch  et  al) 
showed  how  computor  modelling  techniques  can  be  used  to  investigate  not  only  the  physical  compatability 
between  man  and  machine,  but  also  reach  envelopes  and  visual  fields.  In  particular,  the  model  has  been 
used  to  investigate  an  ejection  clearance  problem,  but  it  is  noteworthy  that  human  acceptance  tests  were 
still  considered  essential  in  the  final  analysis.  Ejection  exnerience  for  1977  had  shown  that  the  major 
causes  for  fatality  were  lack  of  time  and  altitude,  whilst  high-speed  ejections  led  to  a  significant  inci¬ 
dence  of  flail  injury  (M.n.A.  Hobbs,  paper  B2o) .  Clearly,  improved  seat  stabilisation  and  restraint  are 
needed  for  successful  ejection  at  high-speed  and  low-level,  and  a  later  paper  (J.J.  Tyburski  et  al,  B28) 
showed  that  a  vertical  seeking  seat  can  offer  safe  ejection  from  adverse  attitudes,  levels  as  low  as  50 
feet,  and  speeds  of  up  to  600  knots.  Thus,  not  only  is  there  a  demonstrated  need  for  progress  in  this 
area,  but  systems  under  development  may  go  some  way  to  offering  a  solution. 

The  critical  factor  of  delay  between  initiation  of  ejection  and  aircraft  clearance  was  discussed  in 
paper  B27  (J.H.  Raddin  et  al)  where  it  was  shown  experimentally  that  torso  retraction  can  be  achieved 
safely  in  half  the  0.3s  currently  allowed.  Furthermore,  if  the  seat  back  incorporates  a  sensor  and  the 
torso  were  already  in  a  desirable  position,  ejection  could  be  immediate.  As  the  delay  is  only  critical  in 
a  minority  of  ejections  'we  must  t;ke  great  care  to  avoid  instituting  a  solution  .  which  would  com¬ 

promise  safe  performance  ......  in  the  majority'. 

Only  one  paper  considered  the  subsequent  fate  of  tb;  successful  ejectee.  Life  support  systems 
typical  for  tactical  jets,  patrol  ano.  transport  aircraft,  and  helicopters  were  discussed  (W.  McIntosh, 
paper  B25),  as  were  the  benefits  of  appropriate  training  programmes  -  parachute  entanglement,  underwater 
egress  etc.  A  word  of  caution  was  voiced  that  the  mass  and  bulk  of  survival  aids  can  actually  hamper 
survival  and  rescue  under  certain  conditions.  The  US  Navy  policy  is  to  anticipate  recovery  within  24  hrs 
by  reducing  the  amount  of  this  equipment  :  in  fact,  91Z  of  tactical  jet  ejectees  are  currently  rescued 
within  one  hour. 

Finally,  this  evaluation  would  not  be  complete  without  mention  of  the  fine  films  which  accompanie j 
many  of  the  presentations.  Whilst  they  cannot  be  reproduced  in  the  proceedings,  they  left  an  indelible 
impression  on  the  audience  and  illustrated, far  better  than  mere  words,  the  meanings  of  such  terms  as 
'ride-bumpiness'  and  'pilot  workload'. 

CONCLUSIONS  AND  RECOMMENDATIONS 

As  noted  earlier  'recommendations  are  needed  for  current  operating  systems,  for  modifications  to 
existing  systems,  and  for  the  design  of  new  systems'.  Whether  this  meeting  can  be  considered  a  success 
depends  upon  the  extent  to  which  these  questions  can  now  be  answered. 

It  is  clear  from  the  material  presented  that  the  major  problems  currently  encountered  in  high-speed, 
low-level  flight  are  'ride-bumpiness',  excessive  workload  and  the  need  for  the  pilot  to  divert  his  atten¬ 
tion  from  the  outside  view  to  displays  and  controls  within  the  cockpit.  Ejection  also  poses  a  specific 
problem  due  to  low  altitude  and  often  adverse  attitude,  as  does  weather,  since  adequate  visibility  is 
essential.  Some  conclusions  and  recommendations  may  be  made  concerning  each  of  these  factors. 

1.  Ride  bumpiness  and  associated  vibration  le^d  to  impaired  vision,  discomfort  and  fatigue. 

a. -  To  reduce  this  probl.m  at  its  source,  designers  of  future  aircraft  should  co-operate  with 

aviation  medicine  specialists  at  an  early  stage  in  order  that  airframe  characteristics  and  active 
control  systems  can  be  employed  to  achieve  an  optimum  compromise  between  aircraft  manoeuvrability 
and  aircrew  performance. 

b.  To  reduce  the  effect  of  vibration  on  the  eyes,  further  research  is  required  into  factors 
affecting  head  vibration,  and  into  methods  fc."  reducing  significant  frequency  components  at  head 
level. 

c.  To  ensure  that  visual  information  is  still  readily  available  to  the  pilot,  work  is  needed  to 
optimise  display  formats,  the  size  and  separation  of  alphanumerics,  symbology  and  the  use  of  colour. 
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2.  The  factors  already  listed  would  also  reduce  workload,  but  the  problem  of  excessive  workload  should 
be  specifically  addressed. 

a.  Sophisticated  electronic  systems  and  displays  must  be  developed  with  a  reduction  in  workload 
as  a  primary  aim.  Any  improvement  in  mission  capability  which  results  from  :uch  developments  can 
then  be  fully  utilised  by  the  aircrew. 

b.  Only  essential  and  appropriate  information  should  be  made  available  to  the  pilot,  but  all  such 
information  must  be  provided  clearly,  without  possibility  of  error,  and  with  minimal  distraction 
from  the  outside  view  (see  also  lc,  above). 

3.  It  is  toe  early  to  predict  the  future  of  helmet  mounted  sights  and  displays,  but  in  offering  a  head- 
up  display  which  moves  with  the  direction  of  gaze,  they  have  enormous  potential  in  high-speed,  low-level 
flight. 


a.  Considerable  research  is  sttll  required  into  basic  visual  problems  -  inappropriate  reflexes, 
binocular  rivalry,  changing  luminance  requirements  etc.,  as  well  as  into  the  design  of  an  optimum 
display. 

b.  Vibration  poses  a  particular  problem  which  needs  urgent  attention  if  helmet-mounted  sights 
or  displays  are  to  be  used  in  high-speed,  low-level  flight. 

4.  Weather  constitutes  an  important  factor  in  aircrew  performance  and  accidents,  especially  in  Central 
Europe.  There  is  an  urgent  need  for  visual  enhancement  techniques  (low  light  TV  and  infra-red,  for 
example)  capable  of  use  "head-up",  to  give  an  all-weather  and  night  capability  to  single  seat  aircraft. 

5.  Ejection  at  high-speed  and  low-level  offers  a  particular  challenge  to  the  designer  because  all 
problems  are  compounded  by  the  need  to  reduce  time  delays  to  the  minimum. 

a.  Restraint  systems  require  further  development  to  reduce  flail  injuries  at  speeds  greater 
than  500  knots. 

b.  Effective  stabilisation  of  the  seat  is  essential,  to  reduce  flail  injuries,  as  well  as  to 
allow  the  operation  of  vertical  seeking  devices  which  could  improve  the  chance  of  survival  following 
ejection  from  adverse  attitudes. 

c.  Any  re-design  of  ejection  seats  required  to  improve  ejection  at  high-speed  and  low-level  must 
not  compromise  ejection  safety  under  other,  possibly  more  common,  conditions  of  flight. 

6.  The  thermal  comfort  of  aircrew  is  often  less  than  satisfactory  in  the  majority  of  aircraft  types, 
to  the  extent  that  under  certain  climat.c  conditions,  or  when  wearing  special  clothing,  performance  may 
be  compromised. 

a.  Designers  should  raise  the  priority  with  which  they  treat  cabin  conditioning,  giving  the 
aircrew  at  least  as  much  attention  as  the  electronics. 

b.  The  performance  of  the  environment;  1  control  system  should  be  based  on  physiological  require¬ 
ments,  these  data  being  readily  available. 


D  H  GLAISTER 

Wing  Conmarder,  RAF 

Chairman,  Biodynamics  Committee,  AMP. 
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Genera!  J  M.Brochado  de  Miranda 
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Estado  Major  da  Forga  Aerea 
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2  700  Amadora 
Portugal 


On  behalf  of  the  Chief  of  Staff,  Portuguese  Air  Force,  it  is  my  great  pleasure  to  greet  the  members  of  the  Aerospace 
Medical  Panel  on  the  occasion  of  its  meeting  for  the  second  time  in  Portugal. 

It  is  indeed  a  great  privilege  for  us  to  host  once  again  this  meeting  of  leading  personalities  of  NATO  in  the  fields  of 
science  and  technology  relating  to  aerospace.  We  hope  that  your  work  will  be  fruitful  and.  simultaneously,  that  you  will 
be  afforded  the  opportunity  of  enjoying  some  of  the  natural  beauties  of  my  country,  and  of  meeting  some  of  its  people 
whose  hospitality  and  friendliness  I  always  like  to  emphasize. 

The  short  words  of  welcome  I  am  honoured  to  address  to  you  at  this  opening  ceremony  have,  as  a  starting  point,  a 
brief  comment  on  the  circumstances  that  set  the  framing  for  the  Portuguese  Armed  Forces. 

Portugal,  the  oldest  state-nation  of  Europe,  is  going  nowadays  through  a  very  difficult  period  of  its  already  long  life 
as  an  independent  country.  At  this  historical  moment,  on  its  shoulders  fell,  simultaneously,  the  consequences  of  a  grave 
crisis  in  the  world  economy  and  the  effects  of  a  sudden  and  disordered  withdrawal  from  territories  in  the  African  continent 
which  we  have  for  centuries,  colonized,  administered,  developed,  explored  and  loved. 

The  unexpected  drying  up  of  preferential  sources  of  raw  materials  and  food  products,  the  closing  of  complementary 
and  privileged  markets,  and  the  return  of  over  half  a  million  refugees  (just  to  mention  the  most  important  events'  were 
altogether  a  severe  blow  for  the  faint-hearted  Portuguese  economy,  badly  shaken  already  by  thirteen  years  of  erosive 
guerrilla  warfare  with  no  military  solution.  The  progressive  rise  in  oil  prices  worldwide  not  only  hampered  the  expected 
economic  recovery,  but  contributed  to  an  aggravation  of  the  situation 

As  a  corollary  to  this  and  also  —  why  not  mention  it  a  certain  tendency  of  the  Portuguese  people  to  the  anarchic 
populism,  the  internal  order  of  the  country  was  badly  degraded  and.  with  it.  the  production  output.  In  parallel,  a 
profound  crisis  of  national  identity  developed  as  well,  more  profound  even  than  the  economic  and  political  crisis,  which 
will  take  a  longer  time  to  overcome  Confused  am  disoriented,  the  Portuguese  question  themselves  about  the  “collective 
sense  of  their  destiny",  and  search  for  the  “accurate  definition  of  their  own  space  among  the  other  nations” 

The  times  we  are  living  in  are,  therefore,  times  of  crisis  political,  economical  and  of  national  identity 

In  this  national  frame,  of  course,  live  the  Armed  Forces. 

The  effect  of  the  crisis  on  them  is  obvious. 

During  the  past  stage  of  greater  social  instability,  the  armed  forces  lived  through  moments  of  almost  total  anarchy, 
during  which  they  suffered  a  profound  split  and  were  used  as  a  plaything  in  the  hands  of  the  various  political  groups.  It 
was  a  rather  troubled  period  resulting  from  the  political  inexperience  and  ingenuousness  of  the  servicemen 

However,  recovered  after  having  been  caught  by  surprise,  when  the  fundamental  values  from  which  they  stem 
naturally  emerged  again  to  definitely  muffle  down  the  false  myths  and  Utopian  demagogism.  they  managed  to  free 
themselves  from  the  mess  where  blindly  and  apathetically  they  had  fallen. 

Today,  all  servicemen  -  “trustees  of  tamed  violence”  -  although  aware  of  the  importance  of  their  role  in  the 
nation’s  political  life,  wish  to  resume  the  classic  role  of  watching  out  for  the  national  security,  within  the  framework 
of  the  established  democratic  rule  and  in  total  subordination  to  the  legitimate  political  power,  while  responsible  for 
determining  the  time  and  place  where  force  shall  be  used. 
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1  expect  tiiat  the  Portuguese  Armed  Forces  will  never  again  become  an  instrument  of  political  forces,  other  than  the 
ones  which  represent  the  will  of  the  people  and  the  national  interests. 

They  stand  watch  for  the  deceiving  mermaids’  song,  for  the  seducing  false  pleas,  no  matter  where  they  come  from, 
because  they  shatter  the  unity  so  peculiar  to  the  military  institution,  and  indispensable  as  a  solid  foundation  to  its 
strength. 

At  this  time,  1  believe  one  can  make  applicable  to  the  Portuguese  Armed  Forces  the  old  popular  saying  “a  burnt 
child  dreads  the  fire”. 

In  what  concerns  their  operational  capability,  the  Armed  Forces  are  obviously  affected  by  the  severe  cons'raints 
of  our  economy,  and  also  by  a  clear  anti-military  social  attitude  based  mainly  on  economic  but  also  on  political 
considerations  In  our  particular  case,  there  are  still  individuals  and/or  political  groups  interested  in.  or  determined  to 
foment  instability  within  the  Armed  Forces,  for  well-known  but  not  publicly  stated  reasons  Others  accuse  the  Armed 
Forces  of  uselessly  consuming  national  resources  badly  needed  in  projects  of  economic  development.  And  there  are  others 
who  defend,  as  a  matter  of  convenience,  the  existence  of  the  Armed  Forces,  using  them  as  scapegoats  to  be  blamed  for 
anything  that  goes  wrong  in  the  political  and  economic  fields,  and  also  for  their  own  shortcomings  and  unfitness. 

Tlie  development  of  a  situation  like  this.  1  believe,  is  by  no  means  exclusive  to  Portugal  Most  likely,  it  took  place 
as  well  m  other  countries  that  lived  through  period^  of  similar  social  turmoil,  economic  crisis  or  stages  of  development 

Although  the  political  leadership  has  thus  far.  avoided  getting  involved  with  the  definition  of  the  national 
defense  organization  and  policy,  so  to  clarify  the  image  and  role  of  the  Armed  Forces  within  the  Portuguese  society  of 
today,  mainly  because  such  a  definition  means  assuming  responsibility  for  providing  them  with  the  material  means 
necessary  to  carry  the  assigned  mission,  one  can  nevertheless  say  that  the  Portuguese  Armed  Forces  deduced  mission 
is  relatively  evident,  at  least  on  iti  qualitative  aspects. 

In  so  far  as  the  Air  Force  is  concerned,  its  available  resources  or  the  ones  it  tries  tc  obtain,  under  the  circumstances, 
represent  a  minimum  requirement  for  carrying  out  the  tasks  which  the  Portuguese  Constitution  broadly  defines,  for 
fulfilling  international  commitments,  or  simply  to  enable  its  routine  training  in  order  to  keep  its  valuable  experience 
acquired  in  the  operational  environment. 

Within  this  line  oi  thinking,  the  Air  Force  does  not  have,  at  the  present,  either  the  capability  to  operate 
high  performance  aircralt.  such  as  F-16.  Mirage  2000  or  Tornado,  or  the  hope  to  acquire  it  in  the  short  term. 

Neither  is  Portugal  politically  engaged  in  any  sort  of  armaments  race,  nor  do  we  the  military  people  wish  to  deviate 
to  the  armaments  field  the  scarce  economic  resources,  so  badly  required  to  satisfy  our  people’s  basic  needs,  through 
its  investment  in  projects  of  economic  and  social  development. 

On  the  other  hand,  we  consider  it  essential  to  strike  a  balance  between  the  sophistication  of  the  air  assets  in  our 
inventory  and  the  technological  development  of  the  country,  thus  recognizing  that,  to  have  aircraft  of  such  high 
performance  whose  maintenance  can’t  be.  to  a  minimum  degree,  supported  by  the  national  industry,  is  not  of  national 
interest  We  admit,  however,  as  beneficial,  the  existence  of  a  certain  technological  gap  to  act  as  a  challenge,  and  to 
stimulate  progress  and  transfer  of  “know-how”. 

The  Air  Force  is.  therefore,  at  this  time,  orientating  its  main  efforts  to  the  optimization  of  the  human  and  material 
resources  already  available,  to  the  development  of  the  individual  capabilities  of  its  men.  and  to  improving  its  decision¬ 
making  process. 

At  the  same  time,  in  the  technical  and  scientific  fields,  it  tries  to  be  in  touch  with  the  most  recently  produced 
technology  or  scientific  breakthroughs. 

Therefore,  the  Portuguese  Air  Force,  although  operating  an  airplane  generation  obsolete  by  the  standards  of  the 
most  developed  countries,  but  nevertheless  still  fit  to  carry  out  its  mission  in  the  national  framework,  permanently 
struggles  to  keep  itself  up-to-date  with  the  development  and  operational  use  of  high-performance  airplanes  and  related 
problems. 

This  line  of  thought  justifies  our  deep  interest  and  great  satisfaction  in  hosting  this  36th  Panel  Business  and 
Specialist  Meeting  here  in  Portugal. 

Our  Air  Force  medical  doctors,  who  integrate  with  the  NATO  Aerospace  medical  community,  will  have  the 
opportunity  to  learn  about  the  operational  performances  of  the  most  advanced  airplanes  in  being,  or  projected  to  be  used 
in  Europe,  and  also  about  the  problems  related  to  the  selection,  training  and  required  capacity  of  their  crews  to  carry  out 
missions  under  heavv  mental  and  physical  stress.  They  will,  for  sure,  broaden  their  views  and  understanding  of  the 
problems  that  will  affect  our  crews  in  the  future 
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Some  of  our  most  qualified  pilots  also  have  the  opportunity  of  coming  to  this  meeting.  Like  all  pilots  they  are 
always  eager  to  fly  higher  and  faster.  They  will,  therefore,  have  the  possibility  to  listen  to  the  interesting  communications 
you  are  going  i«  make,  according  to  their  proposed  titles,  and  to  anticipate  some  thinking  about  the  problems  of  the 
operational  use  of  high-performance  airplanes  which,  some  day,  they  may  have  the  chance  to  fly  themselves.  They  can 
start  getting  adjusted  to  the  restrictions  imposed  by  a  heavily  hostile  environment:  flying  faster,  yes,  but  definitely  much 
lower. 

When  the  time  comes  to  do  it,  a  solution  may  have  been  found  for  many  of  today’s  problems,  as  a  consequence  of 
the  studies  developed,  and  the  exchange  of  scientific  and  technological  information,  an  exchange  which  is  made  easier 
and  encouraged  by  meetings  like  the  one  you  are  going  to  have  here. 

From  our  side,  as  host  nation,  we  will  retain  a  modest  feeling  of  participation,  if  not  through  a  direct  and  productive 
contribution  to  the  studies  to  improve  performance  of  men  and  weapons  in  an  hostile  environment,  at  least  through  the 
administrative  arrangement  of  this  meeting,  through  our  presence  here  and  our  great  interest  in  the  subject,  and  certainly 
with  our  most  warm  welcome  to  all  of  you.  This  feeling  of  participation  is,  in  its  simplicity,  useful  from  a  psychological 
point  of  view.  It  gives  us  the  impression  of  having  moved  a  step  forward  no  matter  how  little  it  may  be  towards  the 
more  developed  nations  of  the  North,  a  step  that  may  not  be  long  enough  to  narrow  the  gap,  but  will  be  big  enough  to 
prevent  the  gap  from  widening. 

1  suppose,  that,  in  fact,  one  can  consider  your  coming  to  us,  within  the  perspective  of  the  North-South  approach. 

We  all  are  aware  of  the  disparity  between  the  highly  industrialized  nations  and  the  less  developed  countries  the 
more  seriously  affected  by  the  worlu  economic  crisis  and  we  all  know  how  it  tends  to  aggravate  itself  and  to  become 
a  source  of  tension  and  conflicts. 

Nowadays,  in  opposition  to  the  until  recently  dominant  way  of  thinking,  the  long-term  development  a  strategic 
objective  in  every  country  -  is  consideied  to  be  far  more  dependent  upon  cultural,  social  and  political  changes  than  upon 
a  wider  availability  of  material  icsources 

Portugal  underwent  already  and  still  is  undergoing  changes  of  that  nature.  The  respective  fruits  will  be  picked 
eventually,  but  only  in  the  long  term. 

In  this  picture  of  the  Portuguese  situation  1  have  tried  to  draw  for  you.  using  colors  somewhat  covered  by  heavy 
shades,  the  Portuguese  Air  Force,  with  the  energy  and  enthusiasm  of  its  youth,  keeping  itself  strongly  motivated  and 
internally  cohesive.  In  spite  of  the  difficulties,  setbacks  and  not  too  good  perspectives,  the  Air  Force  has  found  m 
itself  the  necessary  stamina  to  develop  its  operational  capacity,  bearing  in  mind  that  progress  is  more  dependent  upon  its 
own  initiative  than  upon  outside  support. 

The  Organization  of  which  you  are  distinguished  members  is  a  source  of  stimulus  and  1  believe  it  can  provide  our 
own  human  resources  with  incentive,  guidance  and  support  to  their  endeavours  of  developing  adequate  investigation 
programs,  no  matter  how  limited  our  available  means  may  be. 

After  all,  no  matter  how  big,  the  available  means  are  always  limited. 

As  I  CaIcjiu  to  an  dim  cd  ch  one  of  you,  distinguished  representatives  of  NATO  member  countries,  a  specially  warm 
welcome  to  Lisbon,  on  behalf  of  the  Chief-of-Staff  of  the  Portuguese  Air  Force,  I  also  wish  that  you  enjoy  your  stay  in 
Portugal  and  after  your  return  to  your  countries  that  you  may  keep  a  pleasant  souvenir  of  the  time  you  spent  with  us 
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RIDE-BUMPINESS  AND  THE  INFLUENCE  OF  ACTIVE  CONTROL  SYSTEMS 
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(FLIGHT  MECHANICS  PANEL  CONTRIBUTION) 


SUMMARY 

Stresses  on  aircrew  in  high-speed  low-altitude  flight  are  dependent  upon  speed, 
height,  terrain  and  atmospheric  conditions,  but  are  amenable  to  modification  by  aircraft 
design  and  control  strategy.  As  the  level  of  atmospheric  turbulence  increases,  not  only 
does  the  task  of  handling  the  aircraft  become  more  difficult,  but  the  disturbances  cause 
discomfort  to  the  aircrew  and  make  it  harder  for  them  to  perform  control  and  weapon¬ 
aiming  tasks.  The  low-altitude  high-speed  flight  mission  is  particularly  liable  to  give 
a  rough  ride  both  because  there  is  usually  a  significant  amount  of  turbulence  at  low  alti¬ 
tude,  associated  with  wind  shear  in  the  earth's  boundary  layer,  possibly  aggravated  by  the 
proximity  of  rough  terrain,  and  because  the  magnitude  of  fluctuations  in  normal  g  due  to 
vertical  turbulence  is  directly  proportional  to  aircraft  speed. 

Various  characteristics  of  aircraft  motion  which  influence  ride  quality  may  be  dis¬ 
tinguished.  One  is  'ride-bumpiness',  related  subjectively  to  gust-induced  fluctuations  in 
acceleration  and  dependent  on  primary  airframe  parameters  including  wing  loading,  lift- 
curve  slope  and  speed.  Another  is  'vibration',  mainly  due  to  the  response  of  the  flexible 
airframe  structure,  in  which  distinct  frequencies  of  oscillatory  motion  may  perhaps  be 
detectable  subjectively  at  the  resonances  of  the  lower-order  structural  modes. 

Active  control  technology  (ACT)  permits  powerful  manipulation  of  aircraft  response 
to  external  disturbances  as  well  as  to  pilot  controls.  On  the  one  hand  advanced  control 
systems  may  be  designed  specifically  to  improve  the  ride  quality.  Such  systems  include 
ride-smoothing  systems  for  small  and  relatively  rigid  aircraft,  employing  direct-lift 
control  to  reduce  the  amplitude  of  bumps  associated  primarily  with  rigid-body  motion,  and 
structural  mode  control  systems  for  large  and  relatively  flexible  aircraft,  whose  design 
objeco.ves  include  the  suppression  of  response  in  the  lower-order  structural  modes.  On 
the  other  hand,  active  control  systems  designed  with  some  other  aspect  of  performance  in 
view  can  have  an  undesirable  effect  on  ride-quality.  Such  a  tendency  appears  in  the  case 
of  the  aerodynamically-unstable  aircraft  where  the  advantages  to  aircraft  performance  and 
manoeuvrability  of  employing  artificial  stability  are  well  documented  but  where  the  trends 
in  gust  response  tend  to  be  adverse. 

Standard  methods  for  assessing  ride-quality  are  briefly  reviewed.  In  addition,  a 
relatively  new  technique  is  described  that  combines  time-plane  characteristics  of  response 
with  frequency-plane  features  usually  defined  in  terms  of  power-3pectra.  This  method, 
which  has  been  developed  as  a  tool  for  assessing  the  dynamic  response  of  aircraft  in  turbu¬ 
lence,  may  provide  useful  additional  information  for  human  factors  work.  The  technique 
leads  in  particular  to  a  'characteristic  signature’,  in  the  time  plane,  of  the  aircraft 
response  to  gusts.  In  determining  the  dependence  on  aircraft  dynamics  of  this  character¬ 
istic  energy  pattern  emphasis  is  placed  on  the  concept  of  signal  ’increments’  or 
'differences',  in  contrast  to  the  sinusoidal  components  of  Fourier  analysis.  It  is  perhaps 
relevant  that  the  role  of  signal  differences  in  time  or  space  is  also  stressed  in  classical 
work  on  the  mechanisms  of  human  sensory  perception. 


1  INTRODUCTION 

High  speed  aircraft  frequently  operate  at  very  low  altitudes,  navigating  over  long 
distances,  using  terrain-following  or  other  techniques,  to  locate  targets  precisely  and 
deliver  their  weapons  with  a  high  probability  of  striking  the  target  on  the  first  pass. 
Low-level  operations  must  be  relatively  free  from  the  adverse  effects  of  turbulence,  gust 
loadings  and  manoeuvre  restrictions,  the  aircraft  must  retain  its  characteristics  as  a 
stable  weapons  platform  and  pilot  fatigue  in  the  low  altitude  regime  must  be  minimal1. 

The  operational  efficiency  of  the  crew  during  flight  in  a  low-level  gust  environment 
is  dependent  on  a  number  of  factors2: 

(a)  atmospheric  turbulence  structure  and  levels 

(b)  the  characteristics  of  the  aircraft  in  responding  to  turbulence,  including 

the  effects  of  structural  nodes 

(c)  the  tolerance  of  the  crew  to  the  level  and  duration  of  the  bumpiness  and 

vibration  at  the  crew  station. 

The  quantification  and  relation  of  these  features  depends  on  an  analytical  descrip¬ 
tion  of  the  aircraft  motion.  Statistical  measures  of  aircraft  motion  that  have  been 
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traditionally  regarded  as  relevant  to  ride-quality  assessment  may  be  separated  into  two 
distinct  classes: 

(i)  measures  based  on  probability  distributions  for  the  amplitude  of  acceleration 

response  peaks 

(ii)  measures  based  on  frequency-dependent  or  power-spectral  properties  of 

acceleration  response. 

To  these  should  be  added  the  influence  of  aircraft  pitching  motion  which  has  a 
measurable  effect  on  pilot  workload  through  its  influence  on  the  assessment  of  the  air¬ 
craft  as  a  stable  weapons-platform. 

Measures  of  type  (i)  above  have  usually  been  expressed  in  terms?  of  *J  g  bumps  per 
minute*.  This  type  of  criterion  has  been  applied  in  particular  in  the  context  of  high¬ 
speed  flight  of  relatively  rigid  aircraft  and  is  largely  dependent  on  aircraft  whole-body 
motion.  To  assess  aircraft  response  in  this  form  some  form  of  discrete-gust  turbulence 
model  is  usually  employed.  In  recent  applications  of  this  approach,  statistical  families 
of  discrete  gusts  have  been  used  to  represent  patches  of  'continuous'  turbulence  and 
theoretical  predictions  for  the  rate-of-occurrence  of  bumps  of  arbitrary  amplitude  (and 
not  just  J-g  bumps)  deduced1*,  see  Pig  1. 

Measures  of  type  (ii)  above,  based  upon  frequency-dependent  or  power-spectral  proper¬ 
ties,  are  widely  used  at  the  present  time.  Standard  turbulence  models  are  available  (eg 
in  MIL-F-8785B)  in  the  form  of  power  spectral  densities  of  either  'Von  Karraan’  or  'Dryden' 
form,  from  which  various  measures  of  response  may  be  deduced.  _These  include  the  power 
spectral  density  of  response,  the  normalised  rms  load  factor?  A,  which  is  based  upon,the 
area  under  the  spectral-density  curve,  and  a  Crew  Sensitivity  Index  for  ri„e  quality"  that 
weights  the  response  spectral-density  with  a  function  that  expresses  human  tolerance  as  a 
function  of  frequency. 

The  influence  of  primary  airframe  parameters  including  the  wing  loading  W/S,  the 
lift-curve  slope  CL  and  speed  V  may  be  deduced  from  either  a  discrete-gust  or  a  power- 
spectral  approach.  a  In  the  former  case  the  'tuned  response'  (ie  response  to  tuned  gust  or 
critical  gust  pattern)  is  given  by1* 

/pscL\2/3 
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a  relation  that  contains, in  the  »-power,  the  dependence  of  gust  amplitude  on  wavelength. 

In  the  latter  the  rms  load  factor  is  given  by? 


where  the  term  I  (k,s)  incorporates  the  effects  of  the  turbulence  spectrum. 

Equations  (1)  and  (2)  may  be  shown  to  be  essentially  equivalent.  The  dominant  factors 
at  a  given  flight  condition  are  the  wing  loading  and  the  lift  curve  slope.  The  latter  is 
strongly  influenced  by  the  aspect  ratio  and  the  leading-edge  sweep.  Figures  1  and  2  (from 
Refs  4  and  5)  illustrate  these  effects. 

The  ride  quality  is  further  aggravated  by  the  influence  of  the  structural  mode  res¬ 
ponse  to  gusts.  Typical  of  fighter-aircraft  gust  response?  are  the  data  shown  in  Fig  3, 
obtained  from  flight  tests  on  a  relatively  small!  highly-manoeuvrable  aircraft  and  showing 
the  contribution  of  the  first  body  bending  mode  to  the  overall  power  spectral  density  of 
the  gust  response  at  the  pilot  station.  The  frequency  of  the  dominant  mode  of  flexible 
response  may  be  seen  to  be  at  10  Hz.  This  contrasts  strongly  with  data'  for  a  large  and 
relatively  flexible  aircraft,  designed  to  fly  in  close  proximity  to  the  terrain  at  high 
speeds,  where  spectra  of  longitudinal  response  show  marked  peaks  at  approximately  3  Hz  and 
7  Hz  with  lateral  response  modes  appearing  in  the  same  range. 

It  i3  characteristic  of  aircraft  flexible-mode  response  tnat  its  time  history  is 
markedly  oscillatory  or  quasi-sinusoidal,  in  contrast  with  bumpiness  associated  with  whole- 
body  motion,  which  is  essentially  intermittent  with  discrete  bumps  often  distinguishable 
in  relative  isolation.  This  qualitative  distinction  may  be  e/pected  to  be  significant  for 
aircrew  performance  and  subjective  impression  and  should  be  *•- "lected  both  in  analytical 
criteria  for  ride  quality  and  in  the  motion  of  ground-bssed  simulators.  We  will  return  to 
this  topic  subsequently. 

Although  we  have  concentrated  on  the  influence  of  normal  acceleration  on  ride  quality, 
effects  of  aircraft  pitching  motion  need  also  to  be  taken  into  account.  The  direct  effect 
of  angular  motion  upon  smoothness  of  ride  is  probably  considerably  less  than  that  of  normal 
acceleration  from  the  point  of  view  of  aircrew  capability  and  efficiency.  However,  in  the 
context  of  combat  aircraft,  where  the  quality  of  the  aircraft  as  a  platform  for  weapon 
release  is  of  prime  importance,  the  effects  of  gust-induced  pitch  disturbances  on  weapon 
accuracy  and  associated  pilot  workload  are  of  major  concern. 

A  central  topic  of  this  paper  is  the  influence  of  active  control  technology  (ACT)  on 
aircraft  ride  characteristics.  As  a  preliminary,  however,  we  briefly  review  the  available 
methods  for  assessing  such  influence  in  quantitative  terms. 
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2  TOOLS  FOR  THE  ASSESSMENT  OF  AIRCRAFT  RIDE  CHARACTERISTICS 

The  most  widely-used  methods  for  the  assessment  of  ride  quality  involve  frequency- 
dependent  or  power-spectral  density  (PSD)  characteristics  of  response.  The  evaluation  of 
ride  quality  in  these  terms  is  illustrated  in  Fig  There  are  three  main  components'. 

The  gust  power  spectral  density  is  a  measure  of  the  excitation  energy  in  the  atmosphere 
as  a  function  of  the  wave  number  (inverse  of  wavelength)  0;  once  the  speed  of  the  aircraft 
is  defined  the  wavenumber  can  be  viewed  as  a  frequency  parameter  (fl  =  w/V) .  The  second 
component  is  the  frequency  response  of  normal  acceleration  (normal  load  factor)  at  the 
crew  station  due  to  unit  amplitude  sinusoidal  vertical  gusts.  Relating  this  to  the  gust 
power  spectral  density  curve  it  can  be  seen  (Fig  4)  that  the  energy  in  the  atmosphere  can 
e-<oite  the  rigid-body  (whole  vehicle)  motion  and  a  number  of  the  lower  frequency  structural 
modes.  The  third  component  takes  the  form  of  a  weighting  of  the  response  motion  at 
various  frequencies,  depending  on  the  dynamic  response  characteristics  of  the_human  body. 
As  shown  at  the  bottom  of  Fig  4,  all  of  these  data  are  brought  together  into  Hz,  a  Crew 
Sensitivity  Index  for  Ride  Quality.  If  the  'human  frequency  response'  Tp  were  left  out  of 
the  calculation,  the  rms  load  factor  A  would  be  obtained.  A  is  sometimes  preferred^  to  Hz 
as  an  indicator  of  ride  quality  because  it  permits  direct  correlation  with  various  forms 
of  analysis  including  comparison  with  simulator  results.  A  typical  analytical  result  in 
this  form  has  already  been  given,  equation  (2). 


A  lateral  parameter  Hy  is  developed  similarly  to  Hz  with  the  gust  spectrum  remaining 
the  same,  but  with  lateral  aircraft  frequency  response  and  the  human  response  function 
reflecting  different  characteristics. 


The  levels  of  Hz  and  Hy  accepted  as  design  criteria  are  influenced  by  a  number  of 
factors,  including  mission  time;  these  are  discussed  and  evaluated  against  response  charac¬ 
teristics  of  a  number  of  typical  military  aircraft  in  Ref  6. 

Since  the  'human  frequency  response'  element  of  this  method  (Fig  4)  is  largely  based 
on  measured  numan  response  to  sinusoidal  motions,  the  appropriate  applications  of  measures 
of  this  type  arise  in  situations  dominated  by  response  of  a  highly  oscillatory  character. 

In  qualitative  terms  the  motion  then  takes  the  form  of  relatively  continuous  vibration  as 
in  the  response  to  structural  modes  rather  than  irregular  or  intermittent  sequences  of 
individual  bumps.  We  take  the  view  that  the  use  of  data  based  on  quasi-sinusoidal  vibra¬ 
tion  to  treat  aircraft  whole-body  ride  bumpiness  in  turbulence  is  a  suspect  procedure. 

For  the  treatment  of  discrete  fluctuations  in  normal  acceleration,  or  'bumps',  an 
alternative  framework  existsi|>°  comprising  a  turbulence  model  in  which  families  of  discrete 
gusts  are  used  to  represent  patches  of  continuous  turbulence.  In  this  statistical  discrete 
gust  ( SDG)  method,  the  turbulence  model  takes  the  form  of  an  aggregate  of  discrete  ramp 
gusts  which,  for  the  assessment  of  aircraft  rigid-body  response,  are  considered  either 
singly  (Fig  5)  or  in  pairs  (Fig  6).  Families  of  'equiprobable'  ramp  gusts  follow  a  law 
vm  ^  H1^  as  illustrated  in  Fig  7.  These  statistical  characteristics  are  consistent  with 
the  energy  distribution  defined  in  standard  forms  of  the  power-spectrum  turbulence  model 
(von  Karman  spectrum).  It  is  thus  possible  to  employ  coordinated  discrete-gust  and  power- 
spectral  turbulence  models,  both  related  to  a  common  turbulence  reference  intensity  a 
which  acts  as  ar,  overall  measure  of  atmospheric  disturbances  and  for  which  probabilities 
of  exceedance  are  available  based  on  overall  global  statistics  (see  Appendix  B  of  Ref  8 
and  also  Ref  9).  The  relationship  between  the  reference  intensity  5  and  the  true  rms 
intensity  3i  of  a  component  of  turbulence  with  scale  length  L  is  illustrated  in  terms  of 
power  spectra  in  Fig  8.  Turbulence  intensity  is  often  described  qualitatively  as  light, 
severe,  etc.  Such  terms  may  be  approximately  related  to  specific  values  of  the  reference 
intensity  according  to  the  folluwing  table: 

Grades  of  turbulence  and  reference  intensities 


Nominal 
grade  of 
turbulence 

Values  of 
reference 
intensity 

m/s 

f/s 

Light 

0.9 

3 

Moderate 

1.8 

6 

Severe 

3-7 

12 

The  discrete-gust  analysis  of  aircraft  response  takes  place  in  the  time  plane  and 
involves  a  search  over  families  of  equiprobable  gust  patterns,  including  both  isolated 
gusts  and  gust-pairs,  for  the  'tuned  gust'  or  'tuned  gust  pattern'  which  produces  the 
maximum  or  'worst'  response.  The  theoretical  prediction  for  the  rate-of-occurrence  of 
bumps  then  takes  the  form" 


where 
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and  ny  is  the  average  number,  per  unit  distance  flown,  of  aircraft  normal  acceleration 
3  peaks  with  magnitude  greater  than  an  arbitrary  magnitude  y 

a,  0  are  parameters  which  define  the  statistical  properties  of  the  patch  of  turbulence 
through  which  the  aircraft  is  flying  (see  below) 

H  is  the  tuned  (or  critical)  gust  length  (not  to  be  confused  with  Crew  Sensitivity 
Indices  Hz  and  Hy) 

Y  is  the  tuned  response  (response  to  tuned  gust  or  critical  gust  pattern) 

\  is  the  gust  length  sensitivity. 

The  tuned  response  y  nay  be  associated  with  either  a  single  isolated  gust  or  with  a 
gust-pair  combination;  the  precise  condition  is 


y  -  max 


10.85  Y- 


where  yi  and  y2  are  respectively  the  maximum  response  to  a  single  isolated  ramp  gust  (Pig  5) 

and  the  maximum  resonant  response  to  a  pair  of  gusts  (Pig  6),  and  the  individual  component 

gusts  are  chosen  from  the  same  (equiprobable)  family  (Pig  7). 

The  statistical  result  given  by  equations (3)  and  (4)  may  be  supplemented  by  the 
evaluation  of  the  quantity 

T  «  H/V  ,  (5) 

which  is  strictly  a  measure  of  the  time  taken  to  traverse  a  tuned-gust  gradient  distance 
H  but  may  also  be  used  as  an  approximation  to  the  rise  time  to  peak  amplitude  of  the 
associated  response.  Equivalently  T  may  be  regarded  as  an  approximate  measure  of  the 
^duration'  of  the  response  peak.  In  particular,  in  the  case  of  normal  acceleration  response, 
T  may  be  related  to  the  'sharpness'  of  the  bump.  A  generalisation  of  this  approach  to 
incorporate  the  complete  'characteristic  signature'  of  the  bump  is  described  in  Section  1). 

Por  the  purpose  of  ride-quality  assessment  for  low-altitude  high-speed  flight  it  is 
proposed  jn  Lef  8  that  nominal  patch  lengths  of  5  miles  (8  km)  be  assumed,  an  overall 

mission  be.'ng  regarded  as  a  sequence  of  3uch  patches  with  varying  turbulence  intensity 

from  patch  to  patch.  It  should  be  emphasised  that  the  assumption  of  5  mile  patch  lengths 
is  an  over-simplified  and  provisional  representation  of  the  patchiness  properties  of  real 
atmospheric  turbulence.  In  fact,  intense  patches  can  sometimes  be  very  3hort,  describable 
as  a  burst  or  cluster  of  gusts.  However,  despite  its  limitations,  the  nominal  patchiness 
postulated  is  believed  to  be  adequate  as  a  basis  for  the  analytical  comparison  of  the  ride 
characteristics  of  differing  aircraft  configurations.  In  terms  of  the  assumption  of  5 
mile  patch  lengths,  the  provisional  statistical  model  proposed  in  Ref  8  takes  the  form 

a  =  0.38  (dimensionless) 

r0.07  o  (f/s  units) 

B  = 

M).10  a  (m/s  units) 

where  a,  6  appear  in  equations  (3)  and  (4)  and  o  is  the  turbulence  reference  intensity^ 

(Pig  8). 

3  THE  INFLUENCE  OF  ACTIVE  CONTROL  SYSTEMS 

3.1  Preliminary  remarks 

The  benefits  of  Active  Control  Technology  (ACT)  for  both  fighter  aircraft  designed 
for  combat  and  for  large  flexible  aircraft  designed  to  fly  in  close  proximity  to  the 
terrain  at  high  speeds  and  for  long  periods  have  been  well  documented? » 10. 

In  the  case  of  combat  aircraft*0,  the  benefits  include  weight  reduction,  performance 
and  handling  improvements.  Very  significant  improvements  in  performance  can  be  achieved 
with  artificial  longitudinal  stability  coupled  with  automatic  operations  of  combat  flaps. 

The  adoption  of  spin  prevention  and  automatic  manoeuvre  limiting  will  give  'care  free’ 
manoeuvring.  In  addition,  improvements  in  aircraft  ride-bumpiness  characteristics  may  in 
principle  be  achieved  by  the  use  of  ride-smoothing  systems  employing  direct-lift-control1*^, 
although  it  should  be  pointed  out  that  the  benefits  may  not  in  all  cases  justify  the  cost 
and  complexity  of  such  a  system10. 

In  the  case  of  large  flexible  aircraft,  there  is  a  requirement  to  provide  a  specified 
level  of  ride  quality  for  the  crew.  This  requirement  has  been  met  on  the  B-l  aircraft' 
through  the  use  of  an  automatic  control  system  called  a  structural  mode  control  system 
(SMCS)  whose  main  external  feature  is  a  set  of  vanes  near  the  nose  of  the  aircraft.  A 
substantial  saving  in  weight  was  achieved?  with  this  approach  as  compared  with  the  direct 
alternative  of  material  stiffening  of  the  structure. 

Not  all  changes  in  aircraft  response  associated  with  ACT  are  necessarily  beneficial, 
however.  In  particular,  the  improvement  in  aircraft  manoeuvrability  by  the  use  of 


artificial  longitudinal  stability  tendB  to  be  associated  with  a  degradation  in  the  res¬ 
ponse  of  the  aircraft  to  turbulence  (although  this,  in  turn,  may  be  alleviated  by  the 
addition  of  a  ride-smoothing  system) . 


T* 


In  the  following  sections  we  illustrate  some  of  these  trends  by  means  of  particular 
examples. 


3.2  Ride-smoothing  system  employing  direct  lift  control  (DLC) 

Earlier  results  of  this  paper  have  confirmed  (Figs  1  and  2)  that  high  wing  loading 
and  low  lift-curve  slope  contribute  to  good  longitudinal  ride  qualities.  However,  the 
choice  of  such  airframe  characteristics  generally  has  to  be  a  compromise  between  the 
requirements  for  ride  and  the  requirements  for  manoeuvrability.  A  possible  course  in  this 
situation  is  to  choose  (low)  values  of  wing  loading  and  (high)  values  of  lift  slope 
primarily  to  achieve  good  manoeuvrability  and  to  attempt  to  recover  adequate  ride  qualities 
by  means  of  a  ride-smoothing  system.  In  the  following  we  compare  the  changes  in  ride 
characteristics  that  may  be  achieved  in  this  mannerli  with  analogous  improvements  that 
would  result  from  an  increase  of  the  airframe  parameter  (W/S)/Cl  . 


The  type  of  gust-alleviation  system  considered  in  this  section  is  aimed  to  reduce 
ride-buiapiness  associated  with  rigid-body  response  and  the  discussion  is  particularly 
relevant  to  relatively  rigid  aircraft  (with  natural  response  as  in  Fig  3,  for  example). 

We  defer  to  Section  3-3  the  discussion  of  active  control  systems  whose  primary  objective 
is  to  alleviate  vibration  associated  with  the  response  of  the  flexible  structure. 

In  Ref  4  two  alternative  types  of  closed-loop  control  were  discussed,  one  employing 
normal-acceleration  feedback  and  the  other  incidence  feedback,  in  each  case  to  a  DLC 
motivator  such  as  a  wing  flap  surface.  In  addition  to  the  DLC  loop,  each  system  had  a 
pitch  stabilisation  loop  which  employed  pitch-rate  feedback  to  an  elevator  or  tailplane 
motivator. 

Typical  results  are  illustrated  in  Fig  9  where  the  effects  of  basic  airframe  changes 
and  of  an  active  ride-3moothing  system  are  contrasted.  In  terms  of  the  parameters  in 
equations  (3),  (*0  and  (5)  the  following  trends  occur 


increasing 

W/S 

addition 

of  ride-smoothing 
system 

Y 

decreases 

decreases 

no 

decreases 

increases 

T 

increases 

decreases 

Thus,  whilst  the  effect  of  increasing  (W/S)/CLa  is  to  decrease  both  the  amplitude  of 
bumps,  as  measured  by  y,  and  their  total  number,  as  measured  by  the  'zero  crossing  para¬ 
meter'  nQ,  the  effect  of  the  ride-smoothing  system  is  to  decrease  y  but  to  increase  n0. 

It  thus  appears  that  the  improvements  in  ride  quality  obtainable  using  a  ride¬ 
smoothing  system  tends  to  be  dissimilar  in  character  from  the  improvements  due  to 
increasing  (W/S)/Cl0,  for  example  by  increasing  wing  sweep,  with  which  pilots  are  familiar. 

Analogous  results  may  be  obtained11  using  the  power-spectral  approach,  where  an 
equivalent  'zero-crossing  parameter'  is  given  by 

^  =  0  n‘/ °h  (6) 

and  o  v-,  oj-  are  the  rms  rate-of-change  of  acceleration  and  the  rras  acceleration  respec¬ 
tively?  On  the  other  hand  such  features  are  not  encompassed  explicitly  by  the  Crew  Sensi¬ 
tivity  Index,  Fig  <».  We  draw  the  conclusion  that  further  work  on  the  human_factcrs  aspects 
is  required  to  determine  the  extent  to  which  increasing  no  (and  decreasing  T)  is  a  genuine 
detrimental  effect. 

The  above  trends  may  be  illustrated.  Fig  10,  by  means  of  extracts  from  computer- 
simulated  time  histories1*.  These  show  that  the  theoretical  trends  need  to  be  interpreted 
with  some  care.  The  decrease  in  bump  amplitude  associated  with  the  ride-smoothing  system 
i3  clearly  apparent.  On  the  other  hand  the  associated  increase  in  n0,and  decrease  in  T, 
may  be  seen  to  be  due  simply  to  the  removal  of  low-frequency  components  of  the  fluctuations 
whilst  the  higher-frequency  content  rempins  relatively  unaltered.  As  a  result,  the  removal 
of  energy  has  caused  an  increase  in  the  rate  of  sign  reversa]  or  the  time  history  of 
incremental  load  factor.  In  the  case  of  increased  (W/S)/Ct  the  bumps  are  distinctly 
softer-edged  (Fig  10).  The  significance  of  this  phenoraenon“is  underlined  by  the  feet  that 
cases  have  been  reported  where  pilots  have  remarked  on  a  'cobblestone  ride'  in  an  aircraft 
with  a  ride-smoothing  system.  Moreover,  the  computer  simulation  illustrated  in  Fig  10 


was  based  on  rigid-body  equations  of  motion.  With  structural  flexibility  included,  the 
relative  sharpness  of  the  bumps  in  the  case  of  Fig  10b  would  probably  be  accentuated. 

3.3  Structural  mode  control  system  (SMCS) 

The  following  material  has  been  obtained  from  the  .escription  of  the  B-l  ride  control 
system  presented  in  Ref  7. 

One  of  the  principal  missions  of  the  B-l  involved  flying  for  long  periods  of  time 
close  to  the  terrain.  The  design  requirements  produced  a  relatively  flexible  aircraft. 

This  vehicle  flexibility,  combined  with  the  ever-present  low-altitude  atmospheric  turbu¬ 
lence,  could  have  produced  an  acceleration  environment  at  the  crew  station  which  could 
degrade  general  crew  efficiency  with  a  consequent  hazard  to  mission  success. 

The  B-l  design  employs  a  variable  sweep  wing  which  is  swept  aft  when  flying  the  low- 
altitude  mission.  The  aft-swept  wing  has  a  low  lift-curve  slope  and  thus  is  less  suscep¬ 
tible  to  turbulence  excitation  loads.  Despite  sweeping  the  wing  the  response  to  turbulence 
in  the  structural-response  modes  was  still  too  high  to  meet  the  ride-quality  requirements. 
Two  basic  design  choices  remained:  (1)  add  material  (and  weight)  to  stiffen  the  structure 
over  that  needed  for  strength  and  flutter  requirements,  or  (2)  use  an  active  control  system 
to  control  the  lower  structural  modes,  up  to  10  Hz.  The  latter  approach  led  to  significant 
weight  savings.  The  active  control  implementation  was  the  so-called  ILAF  (identical  loca¬ 
tion  of  accelerometer  and  force)  concept,  previously  evaluated  during  the  flight  test 
research  programme  on  the  XB-70,  and  incorporates  suppression  of  both  vertical  and  lateral 
bending  motion. 

The  Von  Karman  gus„  pover  spectral  density  curve  was  used  in  calculations  of  the  ride 
quality  (crew  sensitivity  indices,  Hz  and  Hy)  and  the  rras  accelerations  due  to  turbulence, 
and  Xy. 

Crew  sensitivity  index  data  are  shown  in  Fig  11.  Data  are  shown  for  the  basic  air¬ 
craft,  the  SCAS  (stability  and  control  augmentation  system)  operating,  and  the  SCAS  +  SMCS 
operating.  The  peak  at  low  frequency  is  the  short-period  (rigid-body)  response  and  the 
large  structural  response  at  about  18  rad/sec  frequency  is  a  mode  consisting  primarily  of 
fuselage  bending. 

As  can  be  seen  (Fig  11),  the  SCAS  does  its  intended  job  of  damping  the  short-period 
motion,  but  slightly  excites  the  structural  response.  The  operation  of  the  SMCS  substan¬ 
tially  reduces  the  structural  motion,  whilst  not  interfering  with  the  short  period,  and 
demonstrates  a  capability  for  meeting  the  specification  Hz  (specification  level  was 
Hz  <  0.028).  Similar  results  for  the  lateral  modes  of  structural  response  are  presented 
in  Ref  7. 
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Effects  of  operating  the  SMCS  are  illustrated'  by  means  of  time-history  plots  in 
Fig  12.  The  data  were  recorded  in  a  flight  during  which  considerable  light-to-moderate 
turbulence  was  present  nearly  continuously.  In  both  vertical  and  lateral  motions  the 
effect  of  operating  the  SMCS  is  to  reduce  the  amplitudes  significantly.  Moreover,  in  the 
case  of  vertical  motion  the  quality  of  the  response  may  be  seen  to  be  changed,  by  the 
increase  in  damping,  from  being  a  highly  oscillatory  vibration  to  a  more  irregular  sequence 
of  fluctuations  not  dissimilar  (in  this  particular  run)  to  the  bumpiness  already  shown. 

Fig  10,  to  be  characteristic  of  a  much  smaller  and  relatively-rigid  combat  aircraft. 

3.4  Artificial  longitudinal  stability 

In  an  aircraft  not  fitted  with  a  feedback  control  system,  longitudinal  stability 
must  be  obtained  by  having  the  neutral  point  behind  the  centre  of  gravity.  This  implies 
in  practice  that  the  tail  provides  a  downward  force,  or  negative  j.ift,  with  consequent 
penalties  ir.  drag-. 

An  active  control  system  can  profoundly  alter  this,  for  by  feeding  back  control 
signals  to  the  elevators  (or  tailplane)  to  provide  suitable  pitching  moment  the  longi¬ 
tudinal  stability  characteristics  can  be  completely  changed.  In  particular,  it  is  no 
longer  necessary  to  insist  that  the  centre  of  gravity  lies  ahead  of  the  neutral  point. 

The  improvements  in  aircraft  performance  achievable  in  this  manner  ha  re  been  well 
documented  elsewherelO.  The  case  for  relaxed  aerodynamic  stability  is  now  widely 
accepted  and  its  practical  implementation  hinges  only  on  the  safety,  reliability  and  cost 
of  the  active  control  system  required  to  provide  the  necessary  degree  of  ove. all  flight 
stability. 

However,  the  successful  implementation  of  control  laws  involves  not  only  stabil' cy 
but  also  the  broader  spectrum  of  what  are  generally  called  'flying  qualities'.  Flying 
qualities  not  only  involve  stability  and  transient  response  to  pilot's  control,  which  is 
the  principal  concern  of  much  of  the  studies  published  on  active  control,  but  such  matters 
as  gust  response,  behaviour  near  and  beyond  the  stall,  steady  manoeuvring  characteristics 
and  even  control  and  stability  during  the  ground  roll.  For  any  active  control  system  to 
be  acceptable  it  must  of  course  maintain  in  all  these  areas  the  standards  we  demand  of  the 
conventional  aircraft.  Shortcomings,  even  if  they  manifest  themselves  only  at  the  peri¬ 
phery  of  the  flight  and  manoeuvre  envelope,  must  be  identified  and  means  devised  for  their 
correction. 


A  review  of  these  topics  has  recently  been  presented  in  Ref  12,  where  the  conclusion 
is  drawn  that  whilst  currently-designed  systems  appear  to  be  capable  of  satisfying  the 
main  objective  of  providing  at  least  short-period  stability  of  the  relevant  aircraft  modes 
they  all  fall  short  in  some  way  of  satisfying  all  the  handling  requirements.  In  particular, 
response  to  vertical  gusts  tends  to  be  significantly  ampliiied  with  the  use  of  pitch-rate 
based  feedbacks. 

We  illustrate  these  points  by  comparing  the  response  to  vertical  gusts  of  aircraft 
which  have  positive,  neutral  and  negative  longitudinal  aerodynamic  stability  respectively. 

Pigs  13  and  14  show  the  response  to  vertical  gusts  of  aircraft  with  stabilizing  terms 
involving  pitch-rate  and  integral  pitch-rate  feedback.  The  results  are  based  on  power- 
3pectral-density  (PSD)  analysis.  In  each  case  it  can  be  seen  that,  in  moving  from  the 
naturally-stable  to  the  unstable  aircraft  there  is  a  significant  increase  in  response  at 
the  lower  frequencies. 

Such  results  are  confirmed  by  a  statistical  discrete-gust  (SDG)  analysis.  In  this 
method,  as  outlined  in  Section  2,  the  response  amplitude  is  measured  in  terms  of  the  'tuned 
response'  y  ie  the  'worst  case'  response,  of  maximum  amplitude,  corresponding  to  a  pres¬ 
cribed  family  of  equiprobable  gusts  (such  a  family  generalises  the  traditional  concept  of 
a  'design  gust'),  y  may  be  associated  with  a  particular  time  history,  or  'tuned  response 
pattern'  which  corresponds  to  the  worst-case  gust  and  which  may  be  shown  to  characterize 
the  gust  response  of  the  system  in  question  even  when  the  excitation  is  due  to  continuous 
turbulence  (see  Section  4). 

Pig  15a  compares  the  tuned-response  patterns  for  the  normal-acceleration  response 
of  stable  and  unstable  aircraft  to  vertical  gusts.  It  may  be  seen  that,  ir.  moving  from 
the  naturally  stable  to  the  unstable  aircraft,  there  is  both  a  significant  increase  in  the 
amplitude  of  response  and  a  decrease  in  the  dominant  frequency,  consistent  with  the  trends 
predicted1^  by  the  PSD  analysis. 

A  further  interesting  result,  obtained  from  the  SDG  analysis,  concerns  the  charac¬ 
teristic  gust-induced  pitching  motion.  The  tuned-response  patterns  for  the  naturally  stable 
and  unstable  aircraft  are  compared  in  Pig  15b.  Not  only  is  the  response  considerably  slowed 
down  in  the  case  of  the  unstable  aircraft,  the  characteristic  time  history  extending  over 
a  longer  period,  but  the  initial  direction  of  response  may  be  seen  to  be  in  the  opposite 
sense.  This  is  due  to  the  initial  response  of  the  aircraft  being  dominated  by  the  (nega¬ 
tive)  aerodynamic  stability;  only  after  some  pitch  rate  has  developed  does  this  particular 
control  system  apply  control  moments  in  the  sense  of  (overall)  positive  stability. 

We  are  here,  of  course,  not  implying  any  inherent  and  irremedial  deficiencies 
associated  with  the  implementation  of  control  laws  for  the  case  of  relaxed  aerodynamic 
stability.  The  point  being  made  is  that  the  implementation  process  requires  much  more 
than  a  simple  consideration  of  stability  questions.  A  full  consideration  of  flying  quali¬ 
ties  requires  the  careful  investigation  of  transient  responses  to  both  pilot  demands  and 
to  external  disturbances  such  as  gusts.  We  should  not  be  surprised  to  find  flying  charac¬ 
teristics  that  differ  considerably  from  those  to  today's  aircraft  and  which  will  require 
careful  assessment  by  pilots.  This  conclusion  is  somewhat  reminiscent  of  that  reached  in 
the  context  of  ride-smoothing  systems  (Section  3*2)  and  draws  attention  to  the  fact  that 
traditional  design  requirements  for  aircraft  flying  qualities  and  ride  qualities  are  based 
on  experience  with  a  restricted  class  of  dynamic  response  characteristics  that  is  rapidly 
becoming  outdated. 

4  SIGNAL  STRUCTURE  AND  RIDE-QUALITY  ASSESSMENT 

In  Section  2  we  reviewed  the  tools  available  for  assessing  aircraft  ride  quality  in 
turbulence.  It  will  be  apparent  that  there  is  more  than  one  way  of  approaching  the  problem 
of  signal  analysis  and  synthesis  for  theoretical  or  simulation  purposes.  In  this  final 
section  we  take  a  look  at  some  of  the  basic  issues  that  have  arisen  through  studies  of 
aircraft  flight  dynamics  but  that  appear  to  have  direct  relevance  to  the  human  factors 
specialist. 

We  will  denote  the  turbulence  input  or  forcing  funC-ion  (generally  the  vertical 
component  of  turbulence  velocity)  by  v(t)  and  the  aircra.t  response  (which  will  generally 
be  normal  acceleration  at  the  crew  station  but  may  also  be,  for  example,  pitch  rate)  by 
y(t).  A  major  concern  in  the  study  of  ride-bumpiness  is  then  the  occurrence  and  structure 
of  the  larger  peaks  in  y(t).  In  terms  of  a  Fourier  decomposition  into  sinusoids]  compo¬ 
nents,  such  peaks  occur  whenever  the  components  of  differing  frequencies  reinforce  one 
another.  This  phenomenon  may  be  likened  to  the  concept  of  'interference'  in  optics, 
where  it  is  well  known  that  if  two  sinusoidal  patterns  of  differing  frequencies  are  super¬ 
posed,  there  result  3ome  regions  of  'constructive  interference',  where  the  amplitudes  of 
the  waves  add  together,  and  other  regions  where  they  tend  to  cancel  one  another.  A  region 
where  constructive  interference  arises  may  be  thought  of  as  a  local  energy  concentration. 

In  the  power  spectral  density  (PSD)  method,  see  Section  2,  different  Fourier  compo¬ 
nents  are  assumed  to  be  statistically  uncorrelated  and  the  occurrence  of  such  wave  rein¬ 
forcement  is  assumed  to  take  place  on  a  purely  random,  or  chance,  basis.  This  assumption 
leads  to  a  particular  relation,  based  on  the  'normal'  or  'Gaussian'  distribution,  between 
the  amplitude  of  a  large  peak  value  of  y(t)  and  the  local  rms  value  oy  (evaluated  over  a 
'patch'  within  which  the  turbulence  is  assumed  to  have  stationary  statistical  characteris¬ 
tics).  On  the  other  hand,  the  basis  of  the  statistical  discrete-gust  (SDG)  method  is  that 
large  peaks  in  aircraft  response,  associated  with  wave  reinforcement,  in  fact  occur  with 
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increased  probability  on  account  of  phase  correlations  between  Fourier  components  of 
different  frequency.  Theoretically,  these  occur  as  a  result  of  nonlinear  terms  in  the 
equations  of  fluid  mechanics.  Physically,  they  take  the  form  of  ’ordered  structures'  in 
the  turbulent  flow  field  and  may  be  interpreted  as  intermittently-occurring  concentrations 
of  energy.  The  SDG  model  introduces  such  energy  concentrations  explicitly  in  the  form  of 
discrete  ramp  gusts. 

The  mathematical  background  of  the  PSD  method  is  the  so-called  theory  of  continuous 
random  processes.  The  study  of  localised  regions  of  energy  concentration,  as  in  the  SDG 
method,  follows  on  the  other  hand  from  a  quite  distinct  mathematical  background.  The 
original  work  is  due  to  Gabor3-}  and  has  been  particularly  fruitful  in  the  area  of  acoustic 
signal  decomposition  and  synthesis  and  the  study  of  sensory  processes3**.  The  basic  result 
concerns  a  constraint  on  the  nature  of  regions  of  constructive  interference  (corresponding 
to  energy  concentration)  between  sinusoidal  components  covering  a  range  of  frequencies  Af. 
This  is  the  'uncertainty  relation'  which  states  that  if  a  'packet'  of  waves  covering  the 
frequency  range  Af  reinforce  one  another  over  an  interval  of  time  At,  and  cancel  else¬ 
where,  then  the  product  Af.  At  has  a  minimal  possible  value,  of  order  unity.  An  element 
(Af,  At)  in  the  'time /frequency  diagram'  which  takes  this  minimum  value  was  called  by 
Gabor  a  'logon'. 

The  relation  of  this  work  to  the  SDG  method  is  that  the  ramp  gust  profile,  illustrated 
in  Fig  5,  may  be  shown  to  satisfy  the  minimum  area  condition  on  the  product  Af.  At,  where 
At  is  simply  the  duration  of  the  gust  At  =  H/V  as  seen  by  an  aircraft  travelling  with  speed 
V.  In  Ref  13  Gabor  showed  how  an  arbitrary  signal  could  be  expressed  as  a  3um  of  such 
elementary  signals  (logons). 

Thus  the  ramp-gust  profile,  or  'smooth  increment',  qualifies  as  a  possible  basis  for 
representing  arbitrary  gust  patterns.  Moreover,  from  the  point  of  view  of  reproducing 
those  features  of  a  gust  pattern  that  relate  to  the  existence  of  a  large  peak  in  aircraft 
response,  there  is  evidence  that  the  ramp  profile  is  the  most  efficient  signal  element  in 
the  sense  of  requiring  the  minimum  number  of  significant  elements  per  pattern  (and  is  much 
more  efficient  than  a  sinusoidal  or  Fourier  component  for  instance).  Simple  examples  of 
gust  patterns  synthesised  in  this  manner,  together  with  their  representations  in  the  time/ 
frequency  plane,  are  illustrated  in  Fig  16.  Note  that  these  patterns  include  both 
sequences  of  ramps  (Fig  16(a)  and  (b ) )  and  also  the  superposition  of  short  ramps  on  top  of 
longer  ones  (Fig  16(c)).  Each  of  the  patterns  illustrated  in  Fig  16  has  in  fact  been  shown 
in  recent  work  to  be  derivable  as  the  'tuned  gust  pattern'  of  some  dynamical  system  charac¬ 
teristic  of  aircraft  response  (the  tuned  gust  pattern  being  the  input  producing  the  most 
critical  system  response,  see  Section  2).  Fig  16(a)  illustrates  a  gust  pair,  comprising 
sequential  ramps  of  opposite  sign,  with  the  first  gust  of  the  pair  having  rather  greater 
length,  or  gradient  distance,  than  the  second.  Such  a  profile  is  characteristic,  for 
example,  of  the  tuned  gust  pattern  for  aircraft  normal  acceleration  response  to  the  vertical 
component  of  turbulence  when  the  aircraft  pitch  damping  is  sufficiently  low°.  It  should  be 
noted  that  the  'energy  elements'  in  the  time /frequency  plane  (Fig  16  )  have  been  assigned 
appropriate  positive  and  negative  signs,  corresponding  to  positive  and  negative  increments 
in  the  time  history.  Fig  16(b)  illustrates  a  similar  pattern,  comprising  increments  of 
alternating  sign,  but  with  four  ramp  components.  Such  a  profile  is  characteristic,  for 
example,  of  the  tuned  gust  pattern  for  normal  acceleration  at  the  crew  station  associated 
with  a  not-too-well  damped  fuselage  bending  mode  (see  Fig  12).  Fig  16(c)  illustrates  a 
pattern  comprising  superposed  ramps  of  the  same  3ign  but  having  significantly  differing 
gradient  distances  (such  that  the  corresponding  elements  in  the  time/frequency  plane  are 
non-overlapping).  Tuned  gust  patterns  of  this  form  have  been  found  in  recent  studies***33 
of  the  response  of  an  aircraft  with  a  ride-smoothing  system  employing  direct  lift  control 
(Section  3.2).  With  sufficient  autostabilisation  in  pitch,  the  basic  aircraft  longitudinal 
response  has  a  tuned  gu3t  pattern  comprising  a  single  ramp.  The  introduction  of  the  'DLC 
loop',  however,  adds  a  higher- frequency  mode  such  that,  at  a  sufficiently  large  value  of 
the  gain,  the  tuned  gust  pattern  takes  the  form  illustrated  in  Fig  16(c).  For  intermediate 
gains  the  tuned  pattern  comprises  a  single  ramp  of  intermediate  gradient  distance. 

Thus  the  SDG  method  leads  to  an  explicit  study  of  'gust  patterns'  and  their  mathe¬ 
matical  representation.  In  addition,  for  some  applications  there  is  equal  interest  in  the 
nature  of  the  region  of  wave  reinforcement  (or  energy  concentration)  is  the  associated 
response  function  y(t).  For  instance,  in  the  study  of  ride  bumpiness,  the  SDG  method  leads 
to  an  associated  'tuned  response  pattern',  or  'characteristic  signature'  of  the  response  in 
the  neighbourhood  of  a  large  peak  value  (see  Fig  15).  Indeed,  such  a  characteristic 
signature,  which  may  take  the  form  of  a  single  well-damped  fluctuation  or  may  be  markedly 
oscillatory,  may  be  said  to  characterize  the  'bump'.  In  recent  studies  (to  be  published) 
the  theoretical  tuned  response  pattern,  derived  in  this  manner,  has  been  shown  to  match 
very  well  the  ensemble  average  of  samples  of  time  histories  of  response  to  measured 
continuous  turbulence,  where  the  samples  each  contain  a  large  peak  and  are  scaled  and 
phased  so  that  the  peak  values  are  superposed.  Thus,  whilst  the  individual  time  histories 
of  response  in  the  vicinity  of  a  large  peak  do  contain  some  random  element,  it  has  been 
confirmed  that  there  is  also  a  predictable  common  underlying  pattern. 

We  referred  above  to  the  fact  that  the  ramp  profile  (Fig  5),  or  smooth  increment,  is 

an  economical  signal  element  in  the  sense  of  requiring  the  minimum  number  of  elements  to 

represent  the  significant  features  of  a  gust  pattern.  This  is  somewhat  reminiscent  of  the 
manner  in  which  the  central  nervous  system  (of  animals  and  humans)  interprets  sensations 
in  terms  of  input  patterns  whose  basic  ingredients  are  differences  (see  Part  II  of  Ref  15 

or  the  section  'Form,  substance  and  difference’  of  Ref  16,  for  example).  It  is  perhaps 

not  too  far-fe'tched  to  regard  the  structure  of  an  aircraft  as  an  extension  of  the  pilot's 
nervoua  system  and  the  physical  sensation  associated  with  a  typical  'bump'  on  that  aircraft 


as  the  recognition  of  a  particular .input  pattern  in  the  environment.  By  means  of  the 
'tuned  response  pattern'  evaluated  as  outlined  above  we  may  go  on  to  study  the  'texture* 
of  that  sensation  and  the  manner  in  which  it  relates  to  behaviour  such  as  the  simul¬ 
taneous  performance  of  tasks  (effect  on  workload). 

In  this  context,  the  manner  in  which  the  characteristic  response  patterns  'stand 
out'  from  background  noise  is  of  importance.  For  instance,  ground-based  simulators  that 
employ  conventional  Gaussian-noise  generators  to  simulate  the  turbulence  environment  are 
criticised  by  pilots  as  being  'too  predictable*  or  'lacking  the  occasional  large  bumps', 
even  though  they  may  reproduce  the  correct  power-spectral  Characteristics.  The  point  here 
is  that  Gaussian  noise  is  essentially  'structureless'  or  '  featureless',  irrespective  of 
the  form  of  the  power  spectrum.  In  generating  appropriate  signals  for  simulators  it  is 
necessary  to  accommodate  the  relevant  non-Gaussian  features. 

One  way  of  achieving  this,  developed  at  RAE  Bedford,  is  based  on  the  generation  of 
random  sequences  of  elementary  discrete  ramp  profiles  with  statistical  characteristics  as 
described  in  Section  2.  Details  of  this  synthesis  technique,  in  which  a  software  algorithm 
is  implemented  on  a  digital  computer  and  used  to  produce,  in  real  time,  a  continuous 
'turbulence'  record  for  aircraft  handling  qualities  studies  in  a  piloted  ground-based 
simulator,  have  been  presented  in  Ref  17.  The  method  has  recently  been  further  developed 
for  use  at  NLR  as  described  in  Ref  18.  However,  the  'discrete  gust'  method  is  not  the  only 
way  to  approach  the  problem  of  generating  a  non-Gaussian  signal  as  a  model  of  atmospheric 
turbulence  for  real-time  simulators.  Comparable  success  has  been  achieved  using  a  tech¬ 
nique  originally  developed  by  Reeves1^,  in  which  the  multiplication  of  two  independent 
Gaussian  random  signals  was  the  basic  approach  used  to  generate  each  of  three  orthogonal 
gust  components.  More  recently,  this  approach  has  been  taken  as  the  basis  for  further  work 
on  the  modelling  of  turbulence  for  simulation  purposes  at  Delft  University  of  Technology, 
the  Netherlands,  of  which  a  report  by  Van  de  Moesdijk20  is  the  most  recent  example, 
describing  a  development  which  shows  promise  as  a  means  of  generating  a  random  signal  with 
non-Gaussian  increments. 

For  the  future,  we  suggest  that  both  power-spectral  and  discrete-gust  approaches  to 
the  modelling  of  turbulence  are  here  to  stay  and  that  each  type  of  model  may  be  related  to 
specific  aspects  of  ride-quality,  as  outlined  in  Section  2.  Turbulence  is  a  complex 
process  involving  the  interplay  of  randomness  on  the  one  hand  and  order  or  structure  on 
the  other.  This  is  reflected  in  the  use  of  random  process  theory  on  the  one  hand  and  the 
representation  of  specific  signal  patterns  on  the  other.  The  results  of  recent  work 
suggest  that  in  the  field  of  signal  synthesis  the  products  of  the  two  methods  may  be 
converging  (for  instance,  both  methods  are  currently  capable  of  generating  signals  with 
fairly  realistic  'patchiness'  characteristics).  It  is,  of  course,  a  healthy  situation 
that  the  protagonists  of  the  alternative  approaches  are  as  firmly  entrenched  in  their 
respective  positions  as  ever.  My  own  preference  follows  the  common-sense  view  of  the 
philosopher  A  N  Whitehead,  who  in  'The  Aims  of  Education'  commented  'We  perceive  things 
in  space.  For  example,  among  such  things  are  dogs,  chairs,  curtains,  drops  of  water, 
gusts  of  air,  . ' . 

However  the  element  of  'structure'  is  introduced  into  a  fluctuating  signal,  whether 
by  the  multiplication  of  Gaussian  random  processes  or  by  the  introduction  of  explicit 
signal  patterns,  it  is  clearly  an  important  aspect  of  ride  quality  as  perceived  by  air¬ 
crew.  In  the  past,  ride-smoothing  systems  have  generally  been  linear  systems  designed 
to  a  mean-square  error  criterion.  A  possible  alternative  lies  in  the  use  of  nonlinear 
systems21,  designed  specifically  for  non-Gaussian  inputs,  whose  objective  is  to  remove  the 
non-Gaussian  structure  of  the  output.  A  quantitative  approach  along  these  lines  has  in 
fact  been  proposed  by  Weidemann2"  who  advocates  the  use  of  error  entropy  rather  than 
mean-square  error  amplitude  as  a  measure  of  system  performance.  The  output  of  such  a 
system  would  ideally  be  a  broad-band  Gaussian  process  and  thus  essentially  structureless. 
Perhaps  here  lies  a  pointer  to  a  future  generation  of  ride-smoothing  active  control 
systems. 
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Fig  13  Contrasting  turbulence  response 

of  naturally-stable  aircraft  and  unstable  aircraft 
with  pitch-rate  feedback 
(from  Ref  12). 


Pig  14  Contrasting  turbulence  response 

of  naturally-stable  aircraft  and  unstable  aircraft 
with  integral-pitch-rate  feedback 
(from  Ref  12). 
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INFLUENCES  OF  GEOPHYSICAL  FACTORS 
(METEOROLOGICAL  AND  TOPOGRAPHICAL) 

ON  THE  PI LOT- AIRCRAFT-SYSTEM  IN  HIGH  SPEED  LOW  LEVEL  FLIGHT  (HSLLF) 

by 
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Amt  fur  Wehrgeophysik 
Mont  Royal,  5580  Traben-Tjarbach 
F.R.  Germany 


SUMMARY 


Low  level  flights  are  conducted  in  areas  of  strong  interaction  between  atmosphere, 
lithosphere,  hydrosphere,  and  biosphere.  This  means  that  there  i6  an  evei  growing  number  of  geo¬ 
physical  flight  hazards  encountered  in  high  speed  low  level  flight.  Therefore,  stringent  demands 
are  placed  on  the  reaction  capability  of  the  man-machine-system. 

As  early  as  1941,  meteorologists  established  proof  of  man's  faster  reaction  to  acoustic 
signals  than  to  optical  signals.  This  fact,  only  recently  verified  by  human  engineers,  al6o  has 
significant  impact  on  cockpit  design  in  modern  day  aircraft  construction. 

The  primary  function  of  geophysical  information  consists  in  assessing  those  flight 
routes  and  flight  levels  presenting  minimum  potential  hazards  to  the  accomplishment  of  the  indi¬ 
vidual  military  mission.  The  use  of  terrain  data  bases  -  like  the  Federal  Armed  Forces’  topographic 
data  base  -  offers  an  optimal  approach  in  achieving  a  high  degree  of  resolution  on  the  basis  of 
95-by-15<3-m-grids.  The  inclusion  of  weather,  vegetation,  and  surface  data  will  ensure  detailed 
flight  information.  In  Germany  it  may  be  hoped  to  maintain  the  low  rate  of  flight  accidents  due  to 
weather  factors. 


1.  GENERAL  PROBLEMS 


The  development  of  the  modern  anti-aircraft  technology  forces  the  construction  of  still 
faster  and  more  maneuverable  aircraft  that  can  operate  as  close  to  the  ground  as  possible.  In  dis¬ 
cussions  on  the  co6t-effectiveness  of  such  expensive  weapon  systems  graphical  representations  like 
those  shown  in  Fig.  1  are  frequently  presented.  They  demonstrate  the  correlation  of  increasing  sur¬ 
vivability  with  lower  flight  levels. 

However,  such  reflections  are  only  valid  for  models  which  do  not  take  the  influence  of 
the  atmosphere  into  account  and  whose  (terrain)  relief  energy  has  to  be  dimensioned  in  such  a  way 
that  terrain-following  at  high  speed  is  still  possible.  Also  they  require  such  a  degree  of  per¬ 
fection  of  the  integrated  man-machine-system  that  the  impacts  of  the  general  geophysics  discussed 
in  the  following  sections  are  not  allowed  to  cause  any  disturbance  on  the  reaction  procedure  at 
its  most  sensitive  point  -  the  signal  receiving  and  order-giving  human  brain.  Here,  very  special 
medico-meteorological  problems  are  touched  for  which  solutions  have  to  be  found. 

It  needs  to  be  emphasized  that  realistic  presentations  of  the  earth’s  terrain  features 
must  also  consider  the  mechanisms  of  various  atmospheric  influences,  particularly  when  LLF  is  in¬ 
volved.  The  American  approach,  stating  that  there  are  "numerous  examples  in  war  history  telling 
that  the  consideration  and  utilization  of  certain  weather  advantages"  resulted  in  "a  bigger  chance 
for  the  victory"  /I/,  is  absolutely  valid. 

The  "Yom-Kippur-War"  should  stand  as  an  example  for  the  crucial  importance  of  visibility 
conditions  in  determining  the  time  of  starting  an  offensive.  This  problem  will  be  discussed  later. 

If  one  considers  that  the  temporal  and  local  heterogeneity  of  the  surface  weather  is 
substantially  more  pronounced  in  midlatitudes  than  in  subtropical  latitudes  one  must  conclude  that 
the  optimal  preparation  and  performance  of  any  defensive  system  in  this  region  is  strongly  dependent 
on  the  consideration  of  geophysical  influences. 

The  above-mentioned  variability  of  the  geophysical  factors  may  upset  the  man-machine- 
system  to  such  a  degree  that  flight  accidents  result  in  critical  situations. 

It  is  worth  mentioning  that  recent  evaluations  of  flight  accidents  in  Austrian  civil 
aviation  (published  in  1978),  show  14  %  of  the  severe  accidents  during  the  period  of  1966  -  1976 
caused  by  meteorological  impacts  /2/.  The  most  serious  negative  influences  are  the  following: 

Hind  (turbulence) 

Visibility 
Icing 
Hail 

Medico-Meteorological  Phenomena 
Lightning  strike 


96  Accidents 
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Without  asking  for  the  reasons  for  the  significantly  lower  contribution  of  weather 
factors  to  aviation  accidents  within  the  German  "Bundeswehr"  it  should  be  pointed  out  that  the 
"geofactor"  might  become  increasingly  important  in  the  military  domaine  again,  if  LLF  are  per¬ 
formed  without  precise  geophysical  support,  Fig.  2. 

This  support  of  course  requires  the  detailed  knowledge  of  the  meteorological  phenomena 
in  the  surface  layer  of  the  atmosphere.  Therefore  the  aviation  meteorologist  often  has  to  make 
use  of  research  methods  commonly  used  by  agricultural  meteorologists.  This  especially  relates  to 
problems  dealing  with  visibilities  in  a  realistic  battle-field  atmosphere  which  are  substantially 
dependent  on  the  lithometeors,  because  different  kinda  of  soil  are  able  to  produce  very  different 
stability  conditions  in  the  lowest  friction  layer. 

If  one  simultaneously  considers  that  the  air  layer  near  the  ground  can  contain  biological 
or  chemical  warfare  agents  it  is  evident  that  questions  concerning  visibility  get  an  additional 
ophthalmological  aspect, 'and  therefore  cannot  be  answered  without  the  assistance  of  an  aviation 
medical  expert. 

The  participation  of  an  ophthalmologist  in  investigations  of  incidents  during  the  twi¬ 
light  and  night  boars  seems  to  be  necessary,  in  order  to  consider  the  individual  eyesight  when 
determining  a  pilot's  range  of  detection  in  comparison  with  that  of  a  co-pilot  aquipped  with  a  light 
intensifier  or  night  goggles.  For  a  rough  estimation  of  the  visual  aids  which  have  just  been 
mentioned  it  might  be  sufficient  that  such  experiments  are  performed  with  normal-sighted  persons  /3/« 
The  results  thus  obtained  are  undoubtedly  relevant  only  for  slow-flying  aircraft,  especially  heli¬ 
copters  which  are  able  to  hover  over  one  point  for  a  longer  period  of  time  to  detect  an  object. 

The  target  detection  from  low  level  fast  flying  aircraft  with  a  high  angular  velocity, 
however,  is  expected  to  be  restricted  during  the  dark;  mainly  because  of  adaptation  problems  which 
become  quite  pressing  near  the  ground  because  brightness  can  vary  considerably. 

A  close  cooperation  between  pilot,  doctor,  and  geophysicist  becomes  urgently  necessary, 
in  order  to  answer  such  extremely  complex  questions. 

Some  difficult  medico-meteorological  questions  will  be  discussed  later.  At  first  the 
author  will  give  a  general  view  on  the  geophysical  hazards  any  pilot  aircraft  system  in  the  low 
level  flight  is  exposed  to. 


2.  GEOPHYSICAL  FACTORS  IN  THE  LOWER  FRICTION  LAYER  OF  THE  ATMOSPHERE 


2.1  General  Remarks 


The  English  as  well  as  the  Germain  professional  literature  is  now  using  the  term  "boundary- 
layer"  for  that  part  of  the  lower  troposphere  highly  influenced  by  frictional  effects  of  the  earth's 
surface.  Its  thickness  is  approximately  300  m  over  open  water,  and  about  1  000  m  over  land.  Large 
variations  from  these  values  may  occur  depending  on  the  roughness  of  sea  and  especially  land  sur¬ 
faces.  Besides  this  the  height  of  the  boundary  layer  is  subject  to  diurnal  and  seasonal  variations. 

For  the  solution  of  interaction  problems  between  the  atmosphere  and  the  lithosphere  it 
is  important  to  note  that  the  lower  limit  of  the  atmosphere  is  not  identical  with  the  upper  limit 
of  the  lithosphere.  Depending  on  the  porosity  and  the  permeability  of  rocks  the  atmosphere  can 
penetrate  to  different  depths  causing  weathering  as  it  is  well  known.  Fine  grained  rocky  fragments 
can  then  be  whirled  up  by  frictional  forces  of  the  atmosphere  and  consequently  interfere  with  atmo¬ 
spheric  processes  in  initiating  condensation  for  instance. 

Pointing  out  these  "atmosphere-lithosphere  interaction  phenomena"  is  so  essential  be¬ 
cause  they  characterize  the  battle-field  atmosphere  in  the  case  of  defence  due  to  additional  war¬ 
fare  effects. 

Similar  conditions  occur  over  the  sea  because  of  the  interaction  between  the  atmosphere 
and  the  hydrosphere  within  the  friction  layer.  The  chloride  aerosols  represent  ideal  condensation 
nuclei.  Depending  on  the  circulation  conditions  they  can  be  transported  far  into  the  land  where  they 
endanger  the  LLF  in  certain  weather  situations  which  will  be  discussed  in  a  later  section. 

The  interaction  between  atmosphere,  lithosphere,  and  hydrosphere  is  caused  by  frictional 
forces.  Hence  preference  is  given  to  the  term  "friction  layer"  instead  of  "boundary- layer". 

By  the  way,  the  intensive  interaction  between  all  three  spheres  has  caused  the  formation 
of  the  biosphere  which  is  highly  active  in  the  friction  layer.  For  that  reason  increasing  risks 
caused  by  the  biosphere  must  be  expected  with  increasing  lev  level  flights. 

The  mathematical  treatmen  of  hazards  such  as 

-  increasing  possibility  of  shoot-downs  in  the  HLF  due  to  hostile  firing, 

-  increasing  danger  of  crashes  because  of  the  complex  geophysical  effects  in  the  LLF, 
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requires  still  more  intensive  and  detailed  geophysical  support  which  will  be  possible 
only  by  use  of  computers  because  of  the  numerous  factors  that  have  to  be  considered,  for  instance, 
those  touching  the  domaine  of  medico-meteorology. 

The  solution  of  the  survival  problem  of  a  pilot-aircraft  system  in  any  case  of  conflict 
will,  therefore,  not  be 

-  The  use  of  the  lowest  FL,  but 

-  The  calculation  of  the  optimal  FL  on  a  most  favorable  flight-route  by  use  of  extensive 
data  material. 


2.2  Visibility 


For  VFR  flights  exact  visibility  forecasts  play  a  major  ro}.e  for  the  successful  accomplish¬ 
ment  of  the  military  mission.  One  has  to  distinguish  between  the  meteorological  visibility  repor¬ 
ted  by  the  observer  on  the  surface  and  the  in-flight  and  slant  visibility  observed  by  the  pilot. 

The  latter  frequently  differs  considerably  from  the  meteorological .visibility  because  of  the  hetero¬ 
geneity  of  the  geophysical  factors  which  reduce  the  visibility.  Moreover,  in  LLF  the  horizon  is 
determined  primarily  by  the  relief  forming  a  maximum  visual  range.  In  the  following  section  this 
visibility  is  denoted  as  "topographic  visibility". 


2.2.1  Topographic  Visibility 


The  topographic  visibility  gives  the  exact  distance  of  the  maximum  possible  observa¬ 
bility  of  a  field  from  a  fixed  point.  It  is  a  priori  clear  that  the  topographic  visibility  must 
have  different  values 

-  in  the  different  lines  of  sight,  and 

-  in  the  different  flight  levels. 

The  value  of  the  topographic  visibility  which  is  only  defined  by  the  morphology  can  be 
assumed  to  be  quasi-constant.  It  certainly  can  be  influenced  by  extensive  natural  or  artificial 
changes  in  topographical  features.  However,  if  cultivation  and  vegetation  is  taken  into  account 
temporal  changes  of  topographic  data  have  to  be  considered. 

A  comparison  of  figures  3  and  4  shows  that,  for  the  gi  en  terrain  example,  the  vegetation 
can  not  be  disregarded  when  making  an  exact  topographic  visibility  statement  /4/. 

It  is  also  fundarental  for  terrain  types  of  moderate  relief  enei  gy  that  the  horizontal 
visibility  considerably  decreases  with  the  approach  to  the  surface.  See  Fig.  5,  6,  7. 

It  has  to  be  emphasized  here  that  the  topographic  visibility  can  be  reduced  by  geophysical 
effects  so  that  due  to  the  meteorological  visibility  of  the  observer  ac  well  as  the  in-flight  visi¬ 
bility  of  the  pilot  the  VFR-flight  can  be  rendered  difficult  or  even  impossible  in  6pite  of  favourable 
terrain  conditions.  This  is  why  the  terrain  data  inevitably  have  to  be  supplemented  by  geophysical 
data.  These  do  not  only  refer  to  the  meteorological  visibility,  but  also  to  other  parameters  which 
under  certain  circumstances  can  obstruct  a  LLF.  This  subject  will  be  treated  in  the  following  sections. 


2.2.2  Meteorological  Visibility  and  In-Flight  Visibility 


Because  of  the  interaction  of  the  atmosphere  with  the  earth's  surface,  decomposed  materials 
inceasently  emerge  into  the  atmosphere  from  which  they  are  sedimented  mostly  at  other  plac  .s  due  to 
general  circulation  and  compensation.  As  figure  8  shows  the  troposphere  and  above  all  the  friction 
layer  contain  dust  or  lithometeors  /5/« 

In  sparsely  vegetated  areas,  especially  within  the  subtropics,  soil  heating  connected 
with  unhindered  insolation  causes  extremely  strong  instability  in  the  lowest  friction  layer  so  that 
intensive  interaction  phenomena  like  dust  and  sandstorms  frequently  occur  here. 

Satellite  pictures  have  shown  how  large  the  areas  are  in  which  such  conditions  prevail.  For 
example,  at  Crete,  Sahara  dust  is  observed  on  an  average  of  13  times  a  year  causing  considerable 
visibility  reduction  /€/.  In  this  context  it  may  be  recalled  that,  due  to  the  effect  described,  a 
British  naval  force  was  able  to  operate  off  Crete  undetected  by  German  reconnaissance  flights  during 
a  decisive  phase  of  World  War  II. 
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Of  still  greater  influence  on  a  military  operation  wa6  the  reduction  of  visibility 
by  lithoaeteors  at  the  Syrian  front  on  the  outset  of  the  Yom  Kippur  War.  The  time  of  attack 
was  originally  favourably  scheduled  for  sunrise,  and  later  postponed  to  1400  hours  by  the 
Egyptian  Commander  in  Chief,  General  Ismail;  as  a  consequence  the  Syrians  had  to  begin  their 
operation  at  a  time  of  maximum  instability,  i.e.  at  the  time  of  the  highest  degree  of  litho- 
meteoric  saturation  in  the  friction  layer.  This  forced  the  Syrians  not  only  to  look  into  the 
sun,  but  at  the  same  time  also  to  have  extremely  poor  reconnaissance  conditions  so  that  accord¬ 
ing  to  the  French  General  Beaufre,  the  Israelians  succeeded  in  destroying  a  major  portion  of 
the  Syrian  tanks  in  a  quick  countermove  /7/. 

Conversely,  after  geophysical  consultation,  the  Israelians  had  scheduled  H-hour  of  the 
Six-Days-War  m  the  morning  (08j0)  for  best  visibility  conditions.  Minimum  turbulence,  present 
at  the  same  time,  enabled  them  to  bombard  precisely  all  Egyptian  air  bases  so  that  the  enemy 
air  force  was  wiped  out  in  almost  no  time  /8/, 

But  due  to  certain  geological  conditions  also  in  mid-latitudes,  for  instance,  in  the 
drift-sand  areas  of  the  "Emsland"  (NW  Germany)  the  visibility  can  be  deteriorated  to  such  an 
extent  as  to  obstruct  the  terrestrial  navigation  for  the  pilot.  Such  conditions  occur  to  a  great 
extent  in  areas  where  pronounced  sources  of  lithometaors  arise  from  industrialization  after  the 
removal  of  the  vegetational  cover.  Examples  are  open-pit  coal  mme6  and  quarries.  Because  of  these 
lithometeors,  the  flight  operations  at  nearby  air  bases,  such  as  Noervenich,  near  the  soft  coal 
mining  region  of  the  "Ville",  or  Meudig  in  the  margin  of  the  cinder-block  production  area  of  the 
"Neuwieder-Basin",  can  be  disturbed  drastically. 

Actually  all  man  made  or  biological  contaminants  of  the  atmosphere  along  with  all  kinds 
of  aerosols,  i.e.  all  of  the  solid  emissions  of  settlements  as  well  as  industrial  and  agricultural 
production  areas,  belong  to  the  lithometeors  in  a  meteorological  sense.  They  frequently  represent 
ideal  condensation  nuclei  due  to  their  high  hygroscopicity.  Pre-condensation,  mainly  caused  by 
sulphuric  pollutants,  frequently  starts  at  a  relative  humidity  of  only  70  Si,  rapidly  reducing 
visibility  as  humidity  increases.  VFR  can  then  become  a  problem  especially  over  largely  urbanized 
and  industrialized  terrain. 

It  is  so  important  to  regard  these  man  made  aerosols  because  the  experience  of  the  last 
wars  has  shown  that  considerable  aerosol  concentrations  causing  visibility  reductions  in  the  LLF 
have  to  be  expected  from  mass  employment  of  various  weapons  under  certain  weather  situations. 

The  results  of  aircraft  ascents  of  several  years  prior  to  the  2nd  World  War  in  Germany 
and  the  simultaneous  meteorological  observations  (mostly  twice  a  day)  have  confirmed  a  high  dust 
concentration  in  the  layer  below  the  surface  inversion  which  reacts  as  a  kind  of  barrier  for  litho¬ 
meteors. 


This  large-scale  investigation  by  the  former  weather  reconnaissance  flights  revealed  a 
surprising  uniformity  of  the  top  of  the  dust  layer  on  the  average  for  all  weather  situations.  There¬ 
fore  it  was  right  that  this  very  exact  observation  material  from  different  stations  was  compre¬ 
hensively  evaluated  in  the  research  of  the  vertical  structure  of  the  hydrometeois  by  Holler, 
de  Bary  et  al. 

Finally,  the  author  felt  free  to  compare  the  dust  observations  of  Vienna,  Norderney, 
Konigsberg,  etc.  with  the  inversion  heights  calculated  from  English  weather  reconnaissance  flights 
over  Stornoway,  Liverpool,  Leuchars,  Lerwick,  Larkhill,  Downham  Market,  Comborne,  a.  d  Aldergrove. 
Figure  9  shows  with  striking  clearness  how  the  temperature  inversion  ac+s  as  a  barrier  for  the 
dust  layer  below. 

It  is  important  for  the  LLF  problems  discussed  here  that  in-flight  measurements  conducted 
in  Germany  revealed  that  the  lower  limits  of  nearly  all  dust  layers  are  identical  with  the  earth’s 
surface.  There  are  only  a  few  cases  with  a  suspended  dust  layer  where  underflying  might  be  possible. 
The  pi esentations  of  the  upper  limits  of  dust  include  the  frequencies  of  dust  layer  thickness.  The 
high  degree  of  conformity  of  both  curves  indirectly  demonstrates  that  the  lower  limit  of  the  dust 
layer  coincides  with  the  uppe-  iimit  of  the  lithosphere. 

This  does  of  course  not  mean  that  the  vertical  distribution  of  aerosol  particles  remains 
constant.  Generally  one  can  confidently  expect  the  aerosol-density  to  increase  towards  the  top  of 
the  inversion  layer.  At  this  height  the  visibility  for  the  pilot  is  therefore  most  unfavourable. 

During  the  2nd  World  War,  the  strong  horizontal  continuity  of  the  dust  layer  was  verified 
by  H.  Berg  using  aircraft  ascents  /9/.  He  emphatically  called  attention  to  the  decrease  in  visi¬ 
bility  over  industrial  regions  in  weather  situations  with  inversions.  The  in-flight  or  slant  visi¬ 
bility  may  drop  below  1  km  even  when  relatively  good  meteorological  visibilities  are  reported  from 
the  observation  site  on  the  ground  making  surface  orientation  impossible.  Some  fatal  flight-incidents 
occured  on  the  German  side  under  such  conditions.  Once  it  even  led  to  an  erroneous  landing  on  enemy 
territory. 


Figure  10  gives  a  general  view  of  the  influence  of  duet  on  visibility. 

The  degree  to  which  the  probably  moat  intens.ve  man  made  environmental  disturbance  -  the 
war  -  affects  interactions  between  atmosphere,  lithosphere,  and  biosphere  was  shown  during  the 
Berlin  bomb-raids  between  1943  and  1944.  The  measurements  presented  in  figure  11  demonstrate  an 
additional  dust  content  of  up  to  3 00  %  for  the  years  just  mentioned. 
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This  point  ie  stressed  because  the  importance  of  realistic  battlefield  atmosphere 
is  not  always  realized  for  the  assessment  of  the  operational  capability  of  new  weapon  systems. 

The  estimation  of  in-flight  visibility  for  LLF  is  completely  unrealistic  if  this  i6  done  on 
the  basis  of  a  standard  atmosphere. 

A  lot  of  money  has  therefore  been  spent  by  the  British  in  field  experiments  aiming 
solely  at  the  measurement  of  the  transmissivity  of  a  battle-field  atmosphere  in  different  spec¬ 
tral  ranges  /10,  11/.  Hereby  the  absorption  due  to  dust,  chemical  warfare  agents,  and  artificial 
fog  is  also  investigated. 

To  what  extent  the  coincidence  of  all  previously  listed  components  at  their  maximum 
efficiency  in  the  upper  haze- layer  may  inflict  upon  a  pilot's  health,  disregarding  the  visibility 
obstructions,  is  a  question  that  has  to  be  answered  by  physicians. 

From  the  geophysical  side  it  shall  only  be  pointed  out  once  more  that  hazelayers  are 
favourable  heights  for  hydrometeors  as  a  result  of  their  supply  of  ideal  condensation  nuclei. 

This  easily  explains  the  vertical  structure  of  cloud  formation  found  by  Berg,  Skierlo,  Holler, 
de  Bary  et  al.  shown  in  Fig.  12.  The  frequent  occurrence  of  low  clouds  is  very  characteristic 
for  large  portions  of  Europe.  Especially  the  fog  types,  which  Dove  rightly  calles  "clouds  on  the 
ground  floor",  are  considered  as  being  essential  for  a  judgment  of  visibility  obstructions  due 
to  hydrometeors  in  the  low  level. 

The  precipitation  resulting  from  these  "clouds"  also  causes  severe  visibility  obstructions 
in  the  lower  friction  layer.  This  is  especially  valid  for  the  winter  months  when  in  connection 
with  the  low  freezing  layer  the  amount  of  snow  in  the  net  precipitation  is  large.  In  summer  the 
higher  flight  levels  may  offer  somewhat  less  favourable  visibility  conditions  because  of  the 
larger  portion  of  snow  at  these  altitudes. 

The  higher  amounts  of  precipitation  recorded  in  mountainous  regions  are,  however,  by  no 
me'ans  representative  for  the  corresponding  levels  in  the  free  atmosphere.  The  increase  in  snow 
fall  and  rainfall  in  high  altitudes  is  the  result  of  the  orographic  lifting  of  air  masses  and 
the  consequential  increase  in  condensation.  In  low  level  flights  these  areas  must  be  avoided  if 
current  geophysical  informations  call  for  it. 

Heavy  precipitation  and  the  resulting  erosion  of  the  front  edges  of  wings,  intakes, 
pressure  tubes,  brake  flaps,  infrared-windows,  and  radomes  m  HSLLF  can  create  critical  flight 
conditions  /12/. 

The  reference  to  the  different  effects  of  precipitation  could  be  supplemented  with  re¬ 
spect  to  the  PGW-communication  and  orientation  systems  installed  on  board.  This  is,  therefore,  a 
typical  example  for  the  fact  that  only  one  weather  component  can  affect  different  parts  of  a 
complicated  weapon  system  in  various  ways  so  that  under  certain  circumstances  the  cumulative  effect 
may  produce  critical  flight  conditions. 

For  this  reason  icing  in  HSLLF  should  be  discussed  in  this  chapter  even  though  it  not 
only  affects  the  in-flight  visibility  as  a  result  of  ice-accretion  on  the  cockpit  windows.  The 
different  aerodynamical  heating  of  various  aircraft  types  and  their  components  cause  different 
icing  risks  which  of  course  must  be  considered  for  HS  aircraft. 

It  is  fundamentally  valid  for  all  aircraft  that  the  icing  risk  is  less  at  temperatures 
very  much  below  0°  C  than  at  temperatures  in  the  range  of  (5°  C  to  -  10°  C,  Fig.  13. 

In  mid- latitudes,  especially  in  the  cold  season,  the  ri6k  of  icing  m  the  LLF  must  in¬ 
crease  due  to  the  fact  that  in  the  lower  layer  the  amount  of  availcble  supercooled  water  is 
higher  because  of  a  higher  frequency  of  clouds. 

It  must  be  emphasized  in  this  context  that  the  dangerous  freezing  rain  is  a  typical 
winv-er  phenome  ion  when  cold  air  at  the  surface  is  overrun  by  warm  air.  The  increase  in  the  number 
of  low  level  flights  without  proper  geophysical  support,  therefore,  must  result  in  an  increased 
icing  lion. 


The  icing  risk  in  the  lower  friction  layer  becomes  even  more  critical  since  aircraft 
with  ice  accretion  are  more  affected  by  the  strongly  varying  horizontal  and  vertical  winds/13/. 

Visibility  problems  with  low  flights  over  the  sta  are  most  frequent  m  connection  with 
glazy  sea.  The  main  criterion  for  this  is  a  wave  height  <  0,3  m.  Such  low  wave  heights  are  the 
result  of  distinct  stability  categories  and  wind  speeds  in  the  lower  friction  layer.  Generally  one 
of  the  following  conditions  is  necessary: 

-  Unstable  stratification,  i.e.  cold  air  over  warm  water; 
calm  winds 

-  Stable  stratification,  i.e.  warm  air  over  cold  water; 
wind  speed  ^  6  kt 

-  Strong  stable  stratification; 
wind  speed  ^_10  kt 

-  Extremely  stable  stratification; 
wind  speed  20  kt 
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Following  this  it  is  quite  possible  that  glazy  sea  can  occur  even  with  a  relatively 
high  wind  speed  (5-6  Beaufort),  for  example,  in  the  case  of  strongly  heated  continental  air 
advection  over  a  cool  water  surface.  Then  this  warm  air  is  lying  over  a  shallow  layer  of  cold 
air  filled  with  mist  from  evaporation  so  that  the  pilot  can  barely  realize  the  transition  be¬ 
tween  water  and  air. 

When  higher  wind  speeds  destroy  the  film  of  cold  air  and  cause  sea  spray  an  aircraft 
in  HSLLF  may  be  covered  by  a  saltfilm  which  under  certain  circumstances  reduces  engine  performance 
and  in-flight  visibility.  Insidious  corrosion  can  also  cause  critical  flight  situations. 

In  this  context  it  should  be  emphasised  that  salt  accretion  is  by  no  means  restricted  to 
aircraft  operating  in  maritime  areas.  French  geophysicists  found  that  F  A  T  A  C  aircraft  crossing 
eastern  France  in  low-level  flights  had  several  times  actually  been  covered  by  a  mouse-grey  salt- 
layer.  Following  Chappaz  e.g.  a  "significant  salt- layer"  formed  on  the  aircraft  of  group  2/13  which 
operated  in  LLF  on  16  Nov  77  in  the  area  Nancy  -  Neufch&teau,  far  away  from  the  sea  /14,  15,  16/ . 

According  to  the  analyses  of  weather  maps  for  the  cases  observed  to  date  only  the  Atlantic 
Ocean  or  the  North  Sea  can  be  assumed  to  be  the  source  of  this  salt. 

Following  Chappaz  the  conditions  for  salt  accretion  are  the  following: 

-  ’■'lights  at  high  sgeed 

-  Low  flight  levels 

-  High  windspeed  over  the  sea  with  spray  formation 

-  High  instability 

-  Low  lying  inversions 

-  On-Shore  flow  patterns  in  the  lower  air  layer. 

For  practical  use  these  criteria  imply  that  particularly  during  winter  where  high  in¬ 
stability  in  the  lower  friction  layer  over  the  open  water  is  created  by  the  advection  of  very  cold 
air  from  polar  and  arctic  regions,  a  chloride  concentration  below  a  marked  inversion  is  produced 
and  the  salt  particles  are  transported  over  long  distances  in  o  the  continent  and  effect  aircraft 
in  the  LLF. 


As  Chappaz  for  France,  W.  Fett  and  H.  Ceyp  have  reported  of  saltsedimentation  on  aircraft 
m  England  and  Germany  /17,  18/.  H.  Ceyp  remarked  that  the  salt  particles  are  not  necessarily  of 
maritime  origine.  As  possible  land-bound  sources  he  considered  dumps  of  Salt  or  potash  mines. 

In  dry  areas,  as  for  example  Algeria  salt-domes  which  penetrate  the  surface  can  emit  salt 
particles  into  the  air,  this  is  of  course  also  valid  for  salt-lakes  and  man  made  salt  gardens.  There¬ 
fore  W.  Fett  also  mentions  some  extreme  cafes  in  the  USA.,  where  actual  salt  storms  originating  in 
the  Salt  Lake  area  forced  the  pilots  who  at  that  time  were  operating  over  Texas  to  change  from  VFR- 
flight  to  IFR-flight. 

Salt  incrustation  over  the  Mediterranean  Sea,  with  its  high  chloride  concentration,  very 
often  occurs  in  low  level  flight  /19 /. 

For  the  sake  of  completeness,  but  also  because  of  its  increasing  importance  for  the  HSLLF 
the  visibility  reductions  caused  by  the  influence  of  the  biosphere  are  still  to  be  mentioned.  Here 
first  of  all  the  insect-strikes  at  the  cockpit-windows  are  treated  whose  varying  frequency  in  de¬ 
pendence  of  different  weather  situations  have  never  been  systematically  analyzed. 

This  work  would  of  course  require  a  continous  and  thorough  analysis  of  all  insect-remains 
on  the  aircraft  and  the  correlation  with  the  geophysical  data  such  as  temperature,  humidity,  and 
wind  speed  in  the  respective  FL  as  well  as  in  the  entire  friction  layer. 

The  author's  opinion  is  that  this  expense  would  be  worthwile  for  2  different  reasons: 

First,  the  insect  swarms  increasingly  encountered  in  the  LLF  during  the  warm  season  aie 
able  to  cause  -  according  to  the  available  incident  reports  -  visibility  reductions  for  the  pilot 
from  about  8  km  down  to  less  than  100  m.  The  crust  layers  on  the  windshields  reached  a  thickness  o' 
about  4  mm;  the  author  himself  had  to  study  a  flight  accident  that  could  be  attributed  to  a  visi¬ 
bility  reduction  from  10  km  to  only  20  m  because  of  insect  strike  m  the  LLF  Fig.  14  and  15. 

Secondly,  an  increase  in  the  insect  population,  which  can  be  regarded  as  a  food  supply 
for  numerous  bird  species,  show  a  strong  correlation  with  bird  massing.  For  this  reason  the  "Air 
Force  Engineering  and  Services  Center  Bird-Aircraft  Strike  Hazard  Team"  (BASH)  began  research  on 
insect-populations  /20/.  It  is  to  be  expected  that  the  extension  of  this  work  covering  only  a 
limited  period  of  time  (30.09.1978  -  12.10.1978  and  28.01.  -  50.01.1979)  will  help  to  clarity  the 
biological  problems. 

However,  it  should  be  emphasized  tnat  especially  aircraft  in  the  HSLLF  evidently  can  be 
endangered  exclusively  by  insect  strike  without  regard  to  the  visibility  obstruction. 

For  example  pitot  tubes  have  been  completely  clogged  by  insects  in  LLF.  During  a  flight 
over  Sardinia  the  front  windshield  of  the  infrared  sight  burst  after  a  grasshopper  strike. 
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In  order  to  clarify  the  population  problem  and  ite  relationship  to  different  weather 
types  and  flight  levels  the  voluminous  research  material  of  the  English  research  station 
Rothamsted  should  be  UBed  which  has  been  given  wide  attention  in  the  world's  entomology  and 
phytopathology  /21/.  Regarding  the  questions  that  have  to  be  answered  here  reference  is  made  to 
the  fact  that  42  flying  periods  of  nearly  500  insect  species  were  correlated  with  different 
meteorological  data  at  this  institute*  The  results  obtained  were  later  supplemented  by  the  Re¬ 
search  Laboratory  for  Advanced  Entomology  of  the  Technische  Hochschule  in  Munich. 

No  further  explanation  is  required  for  the  general  conclusion  that,  as  has  already  been 
indicated,  an  increased  bird-strike  risk  coincides  with  enlarged  insect  occurrences.  Naturally  - 
because  of  the  more  favourable  vegetable  food  supply  during  the  warm  season  -  the  frequency  of 
birdstrikes  generally  rises  at  this  time,  Fig.  16.  This  is  especially  valid  for  the  LLF  up  to 
500  ft  above  the  ground.  In  the  FL  above  1  500  ft,  distinct  maxima  of  birdstrikes  due  to  the 
migrations  in  spring,  and  autumn  occur  in  March  and  October.  Thi6  is  also  indicated  in  the  500  ft 
graph,  because  obviously  .under  certain  weather  situations  some  bird  species  use  the  LL.  Hereby 
intermediate  landing  and  take-off  surely  play  a  role. 

Naturally,  birdstrike  cannot  only  produce  a  considerable  visibility  obstruction  to  the 
pilot  but  can  also  damage  important  parts  of  the  aircraft,  for  instance,  the  engine.  According  to 
the  graphs  that  have  been  shown  here  it  can  be  expected  that  with  a  more  frequent  use  of  very  low 
FL  an  increased  number  of  birdstrikes  should  occur. 

Concerning  the  adverse  influence  of  the  biosphere  on  the  visibility  it  should  finally 
be  mentioned  that  at  some  given  times  less  known  phenomena  can  also  contribute  to  dust  concen¬ 
tration.  According  to  Vlinkler  this  is  for  example  valid  for  essential  oils  of  specified  plants 
forming  aerosols  and  therefore  becoming  optically  effective  /22/. 

The  above  mentioned  author  could  not  find  any  concentration  of  these  substances  below 
the  inversion.  This  can  be  explained  by  the  fact  that  essential  oils  do  not  escape  into  the  atmo¬ 
sphere  until  the  temperature  is  above  20°  C.  In  most  cases,  however,  the  surface  inversion  haB  al¬ 
ready  been  dissipated  before  reaching  this  temperature. 


2.3  Wind 

It  has  already  been  pointed  out  that  turbulence  takes  the  first  place  in  listing  the 
causes  of  flight  accidents  of  the  civil  aviation  of  Austria.  One  possible  reason  for  thi6  peak 
might  be  the  inclusion  of  the  glider  plane  and  light  aircraft  accident  rate.  Following  the 
author's  experience  helicopters  are  also  strongly  subject  to  wind  hazards,  particularly  in  the 
autorotational  flight  phase. 

Heavy  turbulence  can  cause  critical  flight  situations  even  for  high-performance  air¬ 
craft.  This  for  example  occvrs  m  tropopause  jet  streams  due  to  clear  air  turbulence. 

Fig.  17  clearly  demonstrates  the  frequent  occurrence  of  turbulence  in  these  levels, 
however  the  low  level  of  the  friction  layer  also  qocperiencea  significant  turbulence  which  has 
been  verified  by  numerous  test  data  for  instance  at  the  Dallas  Tower  in  Texas  and  the  Meppen 
Tower  in  Germany  /23,  24/. 

Increased  low  level  turbulence  has  its  origin  in  the  frictional  effects  of  the  earth's 
surface  which  grow  with  relief  energy. 

Surface  effects  of  the  earth  generally  result  in  major  variations  of  wind  speed  and 
direction.  In  Germany  S.  Uhlig  was  the  first  to  draw  attention  to  6trong  orographic  influence  in 
Alpine  areas  /25/.  According  to  hie  investigations  at  wind  speeds  of  •<  10  kt  in  the  free  atmo¬ 
sphere  c.ii  ectional  variations  of  wind  close  to  the  surface  of  the  earth  of  up  to  160°  clockwise 
and  180  counterclockwise  have  been  observed  over  Altenstadt  in  upperQBavaria  in  comparison  with 
wind  data  of  the  Zugspitze.  There  are  still  variations  of  120°  to  130°  at  wind  sDeeds  of  >  10  kt. 
By  a  comparative  6tudy  of  wind  data  from  Altenstadt  and  Kaufbeuren  these  findings  were  later  on 
confirmed  by  other  authors  /26/. 

S.  Bhl-ig  at  the  same  time  was  the  first  to  make  quantitative  statements  on  the  low 
level  jet  (LLJ)  of  the  Alpine  foreland  by  theodolite  observations  of  upper  winds,  Fig.  18.  The 
LLJ,  in  fact,  occurs  with  maximum  frequency  at  altitudes  between  200  and  400  m  above  ground. 

Higher  altitude  of  the  LLJ  which  were  detected  later  by  the  evaluation  of  the  Munich 
radiosonde  ascents  (500  -  2  000  m)  do  probably  not  reflect  the  fair  weather  bias  due  to  visual 
soundings.  It  is  more  probable  that  the  LLJ  like  the  tropopause  jet  may  split  finger-shaped  in 
the  vertical  and  horizontal  planes,  causing  either  the  lower  or  the  upper  portion  to  act  as  the 
stronger  LLJ.  This  concept  would  be  in  agreement  with  the  fact  that  LLJ  practically  invariably 
is  observed  together  with  surface  inversions  which  quite  often  are  of  multiple  stratification. 
Incidentally,  Slidkovic  and  Kanter  have  meanwhile  furnished  proof  of  the  vertical  LLJ  splitting 
in  the  Alpine  region,  Fig.  19 >  /27/. 

Without  cqnsidering  pending  controversies  on  the  origin  and  structure  of  the  LLJ  in 
detail,  which  can  only  be  solved  by  an  increased  number  of  detailed  vertical  soundings,  it  must 
be  emphasized  in  the  context  of  the  low  level  hazards  under  discussion  here  that  the  LLJ  is  a 
great  safety  risk  also  to  high-performance  aircraft,  especially  when  under  certain  circumstances 
the  "stall  speed"  in  approaching  a  target  is  reached.  The  LLJ  has  a  frequency  of  occurence  of 
33  %  in  all  seasons  in  the  Munich  area  and  of  30  %  in  the  K*»x  tn  German  lowlands.  Wind  maxima  meas¬ 
ured  were  54  and  43  m/sec  respectively  /28.  ?9/. 


In  discussing  low  level  flight  it  is  important  to  know  that  shear  winds  of  more  than 
1  m/sec/1(30  m  most  frequently  are  observed  in  the  bottom  layers.  Maximum  shear  winds  amounted 
to  17  m/sec/100  ffl  tnus  exceeding  the  critical  limits  for  aircraft. 

Turbulence  near  the  ground  is  xurther  increased  by  the  above-mentioned  directional 
changes  of  winds  in  the  horizontal  and  vertical.  The  variations  are  most  striking  when  in  a 
shallow  surface  layer  of  cold  air  the  wind  direction  differs  by  180°  from  that  in  the  over¬ 
running  warm  air  mass. 

Temperature  lapse  rates  can  reach  very  high  values.  The  sudden  reduction  of  air  density 
which  they  bring  about  causes  marked  engine  power  drops  so  that  in  combination  with  turbulence  the 
aircraft  may  touch  the  ground  and  crash. 

It  seems  worth  mentioning  that  several  years'  radiosonde  data  in  the  Munich  area  re¬ 
vealed  temperature  inversions  of  10  degrees  to  have  a  frequency  of  14  %  of  all  days  in  January. 

Weber  states  a  maximum  value  of  15  degrees  for  the  00-hour  observations  /30/.  One  can  almost  be 
certain  to  assume  that  at  sun-rise,  after  reaching  the  minimum  of  the  day,  essentially  higher 
temperature  gradients  will  occur. 

With  foehn  winds  that  do  not  sweep  down  to  the  ground  even  stronger  inversions  can  be 
expected.  These  conditions  primarily  build  up  in  basins  where  extremely  cold  air  accumulates 
during  the  night. 

One  of  the  most  famous  examples  of  extreme  vertic; 1  temperature  gradients  is  the  well- 
known  Alpine  pasture  Gstettneralm  near  Luns/Austria,  where  temperature  gradients  of  more  than  30 
degrees  per  100  m  difference  in  height  have  been  measured.  In  nights  with  strong  radiational 
cooling  cold  air  from  all  sides  flows  down  into  the  dolina  which  is  located  some  1700  n  above  MSL 
so  that  primarily  in  winter  time  a  legular  cold  air  pool  may  form  with  temperatures  as  low  as 
minus  50°  C  and  less  near  the  ground.  Such  extreme  temperature  gradients  norm  .s’ ly  occur  in  arctic 
regions  only. 

Naturally,  such  a  dolina  of  limited  horizontal  dimension  can  be  a  hazard  only  for  air¬ 
craft  submerging  into  the  cold  air  during  terrain  following.  It  would  constitute  no  special  problem 
for  helicopters.  In  any  case  a  pilot  must,  however,  expect  considerable  reduction  of  engine  and 
rotor  performance  because  of  tne  fast  change  m  air  density  when  flying  out  of  the  dolina. 

Similar  conditions,  though  not  as  extreme,  do  occur  in  other  internal  drainage  de¬ 
pressions.  The  author  has  knowledge  of  one  case  where  during  the  night  a  cold  air  pool  had  formed 
in  the  crater  of  the  extinct  volcano  "Plaidter  Hi  mmench"  n*ar  Mendig,  Germany,  which  was  used  by 
a  VERTOL  aircraft  for  take-off  and  landing  practice.  During  this  training  a  serious  flight  accident 
occured  which  was  caused  by  the  aircraft  taking  off  from  the  cold  air  mass  of  the  crater  and  hovering 
in  lowest  level  flight  into  one  of  the  open  pit  mines  directly  on  the  edge  of  the  crater  where  in 
the  absence  of  any  protective  vegetation  the  volcanic  rock  had  been  heated  up  to  +60°  C  by  unhindered 
insolation.  On  reaching  the  edge  of  the  crater  a  sudden  engine  power  drop  caused  the  VERTOL  to  hit 
the  ground  and  crashed  into  the  pit,  Fig.  20,  21,  /31/. 

High-speed  aircraft  are.  as  a  matter  of  fact,  not  subject  to  hazards  of  such  small-scale 
cold  air  pools.  Depending  on  the  s.ze  of  the  pit  also  high-speed  fixed  wing  aircraft  may  encounter 
a  similar  situation.  There  is  at  least  one  known  case  where  a  pilot  dared  to  fly  in  l.w  level 
into  a  large  open  pit  brown  coal  mine,  Fig.  22.  Here  high  air  temperatures  caused  by  the  high  in¬ 
solation  and  low  heat-conduction  of  the  brown  coal  reduced  the  density  of  the  air  condderably. 

This  brought  about  marked  reduction  of  engine  power  which  neaily  led  to  an  accident.  Similar  cases 
may  occur  near  extinct  volcanoes  especially  when  the  low  heat-conductivity  of  the  volcanic  material 
is  further  reduced  by  a  superimposed  layer  of  extremely  porous  diatomites,  Fig.  23.  which  consists 
mainly  of  fossile  algae  detritus. 

Problems  could  also  arise  in  internal  drainage  Repressions  for  instance  in  wide  karst 
basins  (Polje)  that  may  at  least  cover  several  hurdred  km  .  If  m  chose  areas  the  top  of  the  in¬ 
version  is  located  close  to  the  edge  of  the  basin  the  ai  craft  may  crash  due  to  an  abrupt  engine 
power  reduction  when  emerging  from  the  cold  air  layer.  This  hazard  is  enhanced  in  the  case  of 
coincidence  of  temperature  inversion  and  a  moisture  inversion  and  turbulence. 

There  is  considerable  turbulence  in  windward  and  lee  eddies  near  mountain  crests.  In  the 
case  of  high  winds  these  gusty  areas  are  not  always  manifested  by  rotor  cloud  formation  so  that  they 
may  become  a  serious  threat  to  aircraft  in  low  level  flight. 

R.A.  Cashmore  reported  on  the  heavy  turbulence  affecting  low  level  flight  over  the 
United  Kingdom  /32/.  For  jet  aircraft,  the  cype  cf  which  was  not  specified,  he  s .atea  acceleration 
forces  from  -0.75  to  +2.1  g. 

W.  Georgii  has  reported  acceleration  forces  of  3  to  6  g  for  airliners  m  rotors  of  lee¬ 
ward  eddies  /33i  3**/.  In  general  vertical  speeds  within  rotors  are  extremely  variable.  In  high 
reaching  eddies  for  example  at  the  GroGglockner  drafts  of  15  m/sec  occured.  Even  higner  values  are 
likely  to  occur  in  the  Owens  Valley  leeside  of  the  Sierra  Nevada  mountains,  «hich  are  4  000  m  in 
height. 


A  typical  aspect  of  those  high  reaching  eddies  is  the  fact  that  the  turbulence  is  enhanced 
close  to  the  ground  due  to  the  supply  of  tue  thermal  erergy.  Rotors  are  further  increased  by  the 
resonance  of  lee  waves  due  to  the  configuration  of  the  terrain.  If  for  instance  parallel  mountain 
ranges,  are  spaced  in  an  optimal  way,  lee  waves  which  are  in  phase  and  their  rotors  may  increase 
considerab’y  in  the  case  of  specific  wind  directions.  In  Germany  thi6  happens  for  instance  with  SW 
and  NE  air  flow  in  the  hill  aivas  of  the  Weserbergland,  Siintel  and  Deister  causing  lee  waves  of  14  km 
in  length.  Fig.  24. 
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Owing  to  the  tectonics  of  the  geologic  foundations,  which  in  no  way  are  random,  similar 
phenomena  are  common.  Samples  are  the  Palatinate  Forest,  Taunus^mts,  Vosges,  Black  Forest,  Swabian 
Alps  /3 5/.  Recent  analyeis  of  satellite  cloud  photographs  has  given  proof  of  that  view. 

In  the  case  of  a  strong  inversion  above  the  mountain  ranges  a  jet  forms  between  the  sur¬ 
face  of  the  mountain  range  and  the  top  of  the  inversion  which  may  lead  to  critical  speeds  in  the 
eddies.  This  is  particularly  true  when  as  pointed  out  earlier  additional  thermal  energy  from  the 
surface  contributes  to  enhancing  the  turbulence.  Condensation  processes  naturally  act  in  the  same 
way.  They  even  aggravate  hazards  due  to  turbulences  by  adding  visibility  problems. 

This  for  instance  is  the  caee  .vhen  stratiform  cloud  formation  takes  place  below  thunder 
clouds.  In  and  zones  engine  trouble  may  occur  according  to  pilot  reports  when  at  the  same  time  dust 
is  whirled  up  due  to  convectional  turbulence.  In  low  level  flight  it  is  not  uncommon  that  bending 
limits  of  the  aircraft  GCA  antenna  are  exceeded  by  heavy  wind  so  that  heading  and  altitude  infor¬ 
mation  from  the  GCA  become  inaccurate  and  perilous  /36/ • 

There  is  no  need  to  discuss  here  in  extenso  the  warm  and  cold  fall  winds  because  they  are 
generally  known.  Mention  should,  however,  be  made  that  Bora  wind  speeds  of  up  to  50  m/sec  have  been 
observed.  Every  pilot  who  has  flown  in  the  valley  of  the  Rhone  river  is  familiar  with  the  adverse 
effects  the  Mistral  wind  can  exert  specifically  on  low  flying  aircraft.  Katabatic  winds  of  limited 
extent  may  of  course  also  have  an  influence  on  light  aircraft.  They  occur  in  various  areas  having 
local  names  for  example  WeiBenburger  Wind,  Hollentaler,  Wisperwind,  Bohemian  Wind  etc. 

During  the  warm  season  of  the  year  low  level  flight  is  mainly  affected  by  convectional 
turbulence.  Gusts  are  most  violent  within  the  up-  and  downdrafts  of  thunderstorm  cells.  Together 
with  abrupt  changes  of  head-,  tail-,  ana  crosswinds  they  might  cause  critical  flight  situations  m 
high  speed  low  level  flight  of  aircraft. 


2.4  Thunderstorms 

Problems  of  visibility,  wind,  and  erosion  in  connection  with  thunderstorms  have  already 
been  discussed  in  the  foregoing  chapters. 

During  low  level  flight  in  thundery  weather,  the  aircraft  enhances  the  field  strength 
between  the  earth's  surface  and  the  thunder  cloud  so  that  in  this  area  of  a  raised  potential  gradient 
a  high  discharge  rate  is  encountered.  The  hazard  becomes  even  worse  when  the  cross  section  of  the 
conductor  is  enlarged  by  other  aircraft  flying  in  echelons  formation.  Ionized  hot  engine  exhaust 
gases  incidentally  act  in  much  the  same  way  so  that,  a  priori,  multiple  jet  engine  high  performance 
aircraft  are  more  exposed  to  lightning  hazards  than  aircraft  with  less  fuel  consumption  /37/ . 

Vertical  speeds  in  thunderstorm  cells  are  generally  faster  in  mountainous  terrain  thus 
enhancing  the  electric  charges  in  the  clouds.  The  number  of  lightning  strokes  is  increased  and  the 
frequency  of  cloud-to-ground  lightning  is  much  higher  than  that  of  cloud- to-cloud  lightning  thus  the 
risk  of  lightning-stroke  is  raised  noticeably  over  mountain  slopes  and  crests;  potential  lightning 
risk  over  southern  Germany  is  twice  as  high  as  over  her  northern  part  /38/ . 

It  has  already  been  mentioned  that  the  raise  in  the  electric  field  strength  by  the  air¬ 
craft  is  also  dependent  on  its  engine  performance.  Furthermore  the  structure  plays  a  significant  role. 
The  different  position  of  the  pitot  tube  on  several  models  of  the  Phantom  F4  aircraft  plays  an  im¬ 
portant  role  with  regard  to  the  lightning  stroke  rate  as  shown  in  the  table  below  /37/ : 


type  pitot  tube  installed  in  lightning  stroke  rate 

per  1(3(3  (500  flight  hours 


F-4D 

F-4C 


tail  section 


0.89 

1.76 


RF-4C 

F-4E 


nose 


3.11 

3.40 


Navigational  and  control  instruments  may  not  remain  safe  after  lightning  strokes. 


Crew  members  are  frequently  subject  to  adverse  physical  and  psychological  effects  by 
electrization,  blinding,  and  shock  so  that  delayed  or  improper  pilot  reaction  may  lead  to  crash-down. 


2.5  Sleet  and  Hailstones 

Some  light  has  already  been  shed  on  the  damaging  effect  of  raindrops  to  high-speed  air¬ 
craft.  Of  even  higher  importance  in  nature  are  sleet  and  hailstones  acting  like  the  impact  of  bullets 
on  the  aircraft.  Considering  that  the  shelltype  structure  of  hailstones  is  proof  for  the  repeated 
ascent  and  descent  of  the  ice  pellets  within  the  turbulent  regions  of  the  thunderstorm  cell  it  must 
be  concluded  that  generally  hailstones  reach  their  maximum  weight  by  accretion  and  the  freezing  of 
cloud  droplets  during  the  last  phase.  This  is  fundamentally  valid  when  in  downdrafts  the  freezing 
level  is  low,  thus  precluding  the  melting  process. 
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The  melting  of  hailstones  is  not  even  effective  in  summer,  Fig.  25.  This  view  is 
supported  by  the  relatively  frequent  hail  falls  in  southern  latitudes  where  predominantly  higher 
elevations  are  affected.  Example:  On  January  15,  1990  a  simple  hail  storm  damaged  33  %  of  the 
carrier  fleet  of  the  "South  African  Airways"  in  Johannesburg,  169**  m  +NN:  4  Boeing  747,  4  Eoeing  737, 

1  Boeing  727,  2  Boeing  707,  1  Airbus. 

2.6  Medico-meteorological  Problems  (med-met-problems) 

The  foregoing  chapters  have  demonstrated  that  geophysical  hazards  are  at  their  maximum 
in  low  levels.  It  follows  that  an  extreme  reaction  ability  of  the  man-machine-system  m  that  domame 
is  an  absolute  requirement. 

The  question  arises,  whether  the  pilot's  reaction  time  may  not  likewise  be  influenced  by 
certain  geophysical  factors. 

During  World  War  II,  B.  Diill  was  the  firet  to  look  into  this  problem  thoroughly  in  Germany 
/39/.  It  may  be  worthwhile  to  recall  6ome  of  Dull's  most  essential  findings  and  compare  them  with  re¬ 
cent  studies  under  the  aspects  of  High  Speed  Low  Level  Flight  problems  to  be  discussed  at  the  Li6ton 
meeting.  In  doing  so  a  reasonable  degree  of  criticism  is  necessary  because  one  can  never  preclude 
errors  in  the  borderland  between  medical  and  meteorological  sciences.  The  author  as  a  geophysicist 
has  chosen  to  restrict  himself  exclusively  to  a  discussion  of  the  geophysical  aspects  of  the  problem. 

Because  results  of  reaction  time  measurements  vary  considerably  with  the  type  of  experi¬ 
mental  arrangement,  as  is  generally  acknowledged,  it  is  only  reasonable  to  compare  solely  results  de¬ 
rived  by  one  and  the  same  test  method. 

DUll's  experimental  setup  had  been  designed  to  determine  the  "net"  reaction  time,  because 
the  immediate  objective  was  to  find  out  if  there  are  variations  in  reaction  time  in  responding  to  a 
certain  stimulus  man  is  confronted  with.  "Net"  reaction  time  is  defined  as  the  sum  of  the  following 
periods  of  time: 

-  perception  of  an  optical  or  acoustic  signal 

-  response  in  terms  of  the  smallest  motor  movement: 

pressure  exerted  by  the  index  finger  which  already  touches  the  key. 

This  then  is  only  a  determination  of  time  elapsed  for: 

-  transmitting  the  stimulus  from  the  eye  or  the  ear  to  the  central  nervous  system,  and 

-  transmitting  the  order  from  the  central  nervous  system  to  the  motor  organ,  i.e.  the 
index  finger. 

It  would,  however,  not  be  acceptable  if  one  would  draw  conclusions  from  the  human  "net" 
reaction  time  on  the  reaction  time  of  the  man-machine  system.  On  the  other  hand  it  is  thought  possible 
and  even  likely  that  similar  to  the  generally  accepted  fact  of  a  pilot's  quicker  reaction  time  in 
anti-cyclonic  weather  situations,  the  aircraft  itself  may  react  by  a  decrease  in  performance  when 
penetrating  a  pronounced  inversion  layer.  The  reaction  time  of  the  total  man-machine  system  is  then 
balanced  out.  This  problem  will  be  refered  to  later.  In  other  cases  geophysical  factors  may  also 
produce  reaction  times  where  both  components  of  the  system  have  the  same  direction  so  that  a  critical 
flight  situation  may  occur  due  to  an  additive  prolongation  of  the  -eeition  time. 

As  for  the  synopsis  of  the  man-machine  system  being  within  the  scope  of  the  article,  it 
is  a  fundamental  requirement  to  consider  the  accumulation  of  all  forces. 

R.  Reiter's  investigations  into  the  man-automobile-system  inferred  that  it  may  be  admissible 
to  assume  the  changes  of  reaction  time  of  both  components  being  in  the  same  direction.  This  simpli¬ 
fication  however,  is  not  allowed  in  aviatior. 

It  must  be  underlined  that  speed  and  correctness  of  the  reaction  are  not  necessarily  m 
conformity  with  each  other.  Finally,  the  question  has  remained  unanswered  whether  the  simple  process 
of  responding  to  a  stimulus  by  pressing  down  a  finger  is  comparable  to  the  affect  of  the  variety  of 
sigrals  working  upon  the  pilot  and  theii  conversion  into  commands  and  orders  that  in  turn  must  be 
followed  by  complex  motoric  cycles  of  vaiious  muscle  systems. 

Recent  studies  of  the  Fraunhofer-Gesellschaft  in  Hunich  have  revealed  that  reaction  times 
in  the  cockpit  of  any  means  of  transportation  are  longer  than  the  "net"  reaction  time  given  by  Diill 
/40/.  Dull's  finding  that  the  reaction  time  is  noticeably  shorter  following  an  acoustic  rather  than 
optical  stimulus  was  verified.  On  the  average,  braking  or  slowing-down  is  carried  out  after  0.6 
seconds  on  optical  signals  whereas  only  0.2  seconds  pass  after  an  acoustic  signal.  Individual  cases 
were  noted  where  delays  in  reaction  time  up  to  3  seconds  were  measured  when  optical  signals  had  been 
employed. 


On  the  basis  of  these  facts  the  Fraunhofer-Gesellschaft  rightly  recommends  that  elec¬ 
tronics  used  in  the  automative  industry  be  modified  to  give  primarily  acoustic  information  to  the 
driver.  There  is  no  doubt  that  such  experience  must  also  be  applied  tc  aircraft  construction. 

Consequently,  General  Schmitz,  who  is  responsible  for  the  flight  safety  of  the  German 
armed  forces,  has  emphasized  this  military  requirement  to  aircraft  designer--  .wring  t.he  12th  Heli¬ 
copter  Forum  held  at  BUckeburg  from  the  8th  through  the  10th  May  1978  /4i/. 
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A  cooperation  between  aircraft  constructors  and  flight  surgeons  seems  to  be  necessary, 
to  avoid  constructions  like  the  "Airbus  Master  Caution  Unit"  which  produces  a  multitude  of  signals 
at  varying  tone  levels,  causing  pilots  to  ironically  call  it  "The  Airbus  Symphony". 

The  difficulty  of  research  work  for  most  efficient  layout  of  display  and  controls  is 
shown  by  the  recently  published  "Amlysis  of  Heart  Bate  Variability  as  an  Estimate  of  Pilot  Work¬ 
load  in  Human  Engineering  Research"  (DFVLR,  F.R.  Germany,  Sept  1979).  The  "Method  for  Semi-Auto¬ 
matic  Analysis  of  Eye  Movements"  as  applied  by  the  "In6titut  fur  Flugfiihrung"  of  the  "DFVLR"  seems 
to  be  a  very  important  tool  for  human  factors  research  on  the  layout  of  displays  and  controls  /42/ . 
By  means  of  such  research  the  problem  of  the  best  strategy  for  identifying  a  target  by  eye  sight 
may  also  be  solved  /43/. 


The  problem  of  "net"  reaction  time  and  its  dependence  on  geophysical  parameters  is  dealt 
with  in  the  following  section: 

During  half  a  year  (July  -  December)  R.  Dull  tested  the  reaction  time  of  one  male  and 
one  female  individual,  daily  5  times  each  at  0700,  130(3,  and  1900  hours  on  sin  optical  and  acoustic 
signal  (i.e.  30  test  runs  per  day).  The  following  results  were  obtained,  Fig.  26. 

a)  Basically,  the  curves  for  both  individuals  are  in  conformity. 

b)  The  mean  reaction  time  of  the  male  person  is  shorter  by  5.4  milliseconds. 


Whether  these  individual  data  can  be  generalized  is  of  course  debatable,  although  Dull 
makes  reference  to  the  verification  of  his  data  derived  from  test  series  of  25  US  male  and  female 
university  students. 


c)  The  reaction  time  upon  acoustic  stimulus  is  noticeably  shorter  than  to  light  stimulus 
(25  milliseconds). 

d)  The  reaction  time  measured  at  1300  hours  is  slightly  shorter  than  that  at  0700  and 
1900  hours. 


e)  The  reaction  time  in  the  fall  is  distinctly  less  than  in  summer  and  winter. 


DU11  assumes  "with  all  reservations"  a  bimodal  seasonal  distribution  of  reaction  time 
with  extreme  values  occurring  at  the  solstices  and  equinoxes.  His  reservation,  obviously  based  on 
reduced  periods  of  observation  was  justified  as  shown  by  later  investigations  carried  out  by 
Daubert  /44/. 


The  analysis  of  ten-year  observations  made  at  Tubingen  resulted  in  a  single  seasonal 
oscillation  of  reaction  times  with  maximum  values  in  March  and  minimum  values  in  September,  Fig.  27. 

This  unexpected  curve  of  maxima  and  minima  at  the  equinoxes,  i.e.  at  times  of  similar 
solar  radiational  conditions,  proves  that  there  exists  no  simple  correlation  between  reaction  times 
and  astronomical  processes.  Rather,  there  seems  to  be  a  relationship  between  reaction  speed  and 
meteorological  meso-  and  microscale  phenomena  obviously  compensating  the  radiational  effect. 

However,  it  has  not  yet  been  fully  clarified  to  date  what  meteorological  parameter  or 
combination  of  various  parameters  are  the  controlling  factor  of  reaction  time. 

With  good  reason  Daubert  states  that  "never  only  one  element  influences  the  human  organism, 
but  always  all  stimulant  factors  of  the  atmosphere  complement,  sum-up  or  weaxen  each  other  in  their 
combinatory  play" . 

Taking  also  into  account  that  the  biological  reaction  in  most  cases  is  delayed  due  to  the 
necessary  accumulation  of  varying  stimuli,  it  is  realized  what  a  complex  job  it  is  to  clearly  de¬ 
fine  the  causal  relations  between  reaction  time  and  environmental  factors  to  which  those  of  the 
private  sphere  must  be  added,  too. 

Neither  does  the  determination  of  very  high  correlation  coefficients  tell  anything  about 
causality,  because  the  correlated  parameters  may  be  interdependent. 

The  close  correlation  between  the  reaction  time  and  the  intensity  of  atmospherics  (atmo¬ 
spheric-electrical  parasites  in  French)  found  by  R.  Reiter,  does  not  prove  any  causality  between 
the  physical  and  the  biological  processes  /45/.  Spherics  are  closely  ccri elated  to  instability 
zones  (cold  fronts,  troughs)  so  that  it  is  justified  to  assume  that  reaction  times  are  dependent 
upon  temperatuie,  humidity  and  wind  speeds  as  well.  It  is  generally  known  that  the  latter  factors 
determine  the  degree  of  sultriness  and  this  in  turn  determines  the  feeling  of  comfort,  which  the 
reaction  time  depends  upon. 

This  is,  a6  Reiter  justly  states,  the  explanation  for  the  test  results  of  reaction  time 
obtained  from  some  4(3  0(30  individuals  on  the  occasion  of  the  Munich  Exhibition  of  Traffic  and 
Transportation  in  1953s 

It  was  found  that  heat  and  sultriness  during  the  period  of  August  26th  to  September  3rd 
were  the  predominating  influences  which  overcompensated  effects  of  spherics  on  the  human  reaction 
time.  Fig.  28. 


Any  attempt  to  analyze  a  complex  biological  process  as  a  function  of  only  one  single 
meteorological  factor,  must  a  priori  be  deemed  mere  speculation.  This  is  especially  valid  when 
the  comparison  is  based  upon  averaged  data  calculated  from  very  different  extremes. 


Therefore,  it  is  not  admissible  to  generalize  the  statement  made  by  Dull  that  on  the 
average  the  days  characterized  by  improved  reaction  times  showed  higher  air  temperatures  than 
the  days  of  slower  reaction  times. 

Uncritical  comparison  of  reaction  time  data  with  meteorological  data  may  result  in  con¬ 
troversial  statements  such  as  the  one  made  by  Dull  that  improved  reaction  times  are  correlated 
with  low  visibility! 

He  found  the  mean  reaction  time  to  be  lowest  in  continental  tropical  air  where  it 
amounted  to  161,6  milliseconds.  According  to  Linke's  turbidity  factors,  which  are  an  intrinsic 
property  of  the  air  mass,  however,  visibility  in  this  air  mass  is  so  reduced  because  of  the  high 
aerosol  content.  Thus  the  controversal  statement  is  made  that  low  visibility  is  correlated  with 
good  reaction  times.  For  ophthalmological  reasons  this  conclusion  can  only  be  drawn  with  test 
persons  whose  reaction  times  are  measured  within  a  laboratory  using  a  light  signal  on  shortest 
distance  so  that  the  obscuration  of  the  ambient  continental  tropical  air  has  not  the  slightest 
effect  on  the  reduction  of  the  optical  stimulus. 

It  can  be  taken  for  granted  that  a  test  of  reaction  times  by  the  application  of  an 
optical  signal  from  a  farther  distance  in  the  free  atmosphere  would  turn  out  to  be  quite  different. 
Therefore  there  is  no  doubt  that  the  pilot's  reaction  capability  is,  reduced  in  the  turbid  and 
normally  hot  or  sultry  tropical  air. 

This  example  quite  impressively  demonstrates  that  data  derived  from  laboratory  tests 
must  be  applied  to  the  realistic  conditions  cf  the  ambient  environment  with  great  caution. 

Similar  critical  consideration  should  be  given  to  Dull's  investigations  of  the  reaction 
time  as  a  function  of  the  sunshine  duration. 

What  matters  here  -  as  most  everywhere  in  the  field  of  medicine  and  biology  -  is  the 
dose  and  time  of  administration.  If  the  sun  is  in  the  pilot's  back  and  at  an  angular  elevation 
forming  optical  contrasts  in  the  terrain  by  shadows  his  reaction  time  will  no  doubt  be  in¬ 
fluenced  favourably.  This,  however,  applies  only  as  long  as  no  excessive  amount  of  insolation 
heats  the  cockpit. 

Based  on  these  explanations  it  is  in  no  way  strange  .hat  Dull  "was  unable  to  discern  a 
firm  relationship  between  reaction  time  and  duration  of  sunshine". 

A  similar  comment  can  be  given  to  Dull's  statement  on  the  absence  of  any  relationship 
between  reaction  time  and  precipitation.  The  correlation  with  precipitation  might  originate  from 
the  noise  accompanying  for  instance  hail  and  thunder  storm  that  could  divert  the  test  person's 
attention.  Dull's  hint  that  thunderstorms  reduce  the  reaction  time  is  in  support  of  this  view.  A 
significant  factor  in  the  cockpit  of  course  is  the  dazzling  effect  a  lightning  flash  has  on  the 
pilot' 6  eyes  resulting  in  a  reduction  of  observability. 

Noteworthy  is  Dull's  statement  of  the  very  close  correlation  between  the  stormy  days  of 
the  German  coastal  area  (wind  speed  >  8  Beaufort)  and  the  prolongation  of  reaction  time  measured  in 
Hamburg. 


It  is  probable  that  there  is  an  enhancing  effect  by  microseismics  which  according  to 
«.  Berg  are  caused  by  the  ocean  surf;  these  microwaves  have  periods  of  4-to-lO  seconds.  They  are 
felt  inland  at  varying  distances  depending  on  the  geological  terrain  features.  /46/ 

Perhaps  microseismics  have  similar  adverse  biological  effects  upon  man  as  do  rometric 
oscillations,  which  according  to  E.  Brezina  and  W.  Schmidt  reduce  the  working  capacity  or  according 
to  Dull  the  reaction  time  /47/.  The  latter  quotes  periods  of  between  6  and  12  seconds  for  very  fas 
barometric  oscillations  which  is  similar  to  H.  Berg's  values  for  the  microseismics,  so  that  a 
causal  relationship  between  litho-  and  atmospheric  oscillations  is  inferred. 

Physicians,  however,  are  challenged  to  answer  the  question,  whether  Storm  von  Leuwen's 
view  on  the  physiological  effects  of  infra  sound  waves  in  the  "flutter  range"  are  correct  /48,  49/. 
This  "flutter  range"  is  also  characteristic  for  certain  fluctuations  of  the  earth's  magnetic  and 
electric  field.  A  biological  effect  possibly  exists  inasmuch  as  the  electric  action  centers  of  the 
human  brain  also  have  their  greatest  amplitudes  in  the  "flutter  range". 

In  view  of  the  a.m.  complexity  of  the  performance  it  should  be  emphasized,  however,  that 
the  predominating  control  of  single  factors  as  for  instance  barometric  oscillations  can,  if  at  all, 
be  confi.med  only  for  very  specific  activities. 

With  that  in  mind  it  is  worthwhile  mentioning  that  H.  Reuter  in  a  recent  study  restricts 
the  validity  of  his  statement  on  the  temperature  -  dependent  efficiency  to  only  a  few  categories 
of  workers,  for  instance  sheet  metal  workers  /50/.  Just  as^is  the  case  with  different  types  of 
sports,  the  optimum  performance  is  achieved  in  individual  occupational  activities,  when  a  specific 
comfort  temperature  is  provided,  which  in  turn  is  related  to  a  specific  relative  humidity  and 
wind  speed. 


The  generalisation  of  medico-meteorological  correlations  obtained  in  a  confined  area 
of  activity  as  being  typical  for  other  areas  is  not  acceptable  . 

Thus  it  can  be  taken  for  granted  that  the  dependence  of  the  reaction  time  on  seismics 
and  barometric  oscillations  is  completely  insignificant  for  the  pilot  in  flight.  Even  if  litho¬ 
spheric  vibrations  would  affect  the  aircraft  and  its  crew  while  on  the  ground  the  conclusion  can 
be  drawn  beyond  any  doubt  that,  at  the  latest,  after  the  start  of  the  engine  inherent  vibrations 
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overcompensate  by  far  this  influence  on  the  man-aachine  system. 

From  the  geophysical  standpoint  consideration  is  also  given  to  the  fact  that  seiBmics 
in  industrialized  countries  are  not  only  due  to  oceanic  surf,  but  primarily  due  to  traffic  and 
transportation  and  other  man  made  vibrations  of  the  ground. 

For  reproducible  evidence  of  the  effectiveness  of  individual  factors  on  the  human  reac¬ 
tion  time  a  simulator  would  be  required  to  determine  the  response  to  one  specific  element  by  elimi¬ 
nating  all  other  ones.  The  construction  of  such  a  "geophysical  chamber"  would,  however,  lead  to 
considerable  financial  expenditure. 

Such  an  installation,  however,  might  be  justifiable  for  the  solution  of  flight  medical 
problems  concerning  the  effect  of  various  geophysical  factors.  In  any  case  it  would  help  to  avoid 
the  "biased"  approach  and  insistence  on  certain  medico-meteorological  relations  that  Dull  criti¬ 
cizes.  In  the  overwhelming  number  of  cases  certain  biological  effects  are  likely  to  be  brought 
about  only  by  the  synergism  of  miscellaneous  geophysical  factors. 

Medico-meteorological  research  therefore  has  meanwhile  abandoned  the  study  of  single 
factors  like  aran,  spherics,  infra  sound  waves,  and  is  making  attempts  to  clarify  the  interplay 
("accord")  of  various  single  parameters. 

Though  measuring  the  reaction  time  is  a  difficult  physical  task,  Reiter  was  able  to 
find  that  the  reaction  time  might  be  reduced  from  253*2  milliseconds  to  181.O  milliseconds  by 
training.  The  fact  that  training  plays  a  significant  role,  indeed,  and  varies  individually,  is 
an  indicative  that  the  reaction  times  obtained  ought  to  be  interpreted  with  caution.  According 
to  what  Russian  flight  physicians  have  determined,  the  reaction  times  of  experienced  pilots  are 
generally  believed  to  be  faster  by  a  factor  of  1.5  to  2  than  those  of  junior  inexperienced  pilots 

/5V. 


As  mentioned  earlier  the  point  in  question  still  is  whether  the  speed  of  reaction  is 
equivalent  to  the  soundness  of  reaction.  Only  when  both  are  identical  a  correlation  between  spheric r 
and  accident  frequency  ought  to  be  found  from  R.  Reiter's  observational  data.  H.  Lossagk  states 
that  50  %  of  all  traffic  accidents  happen  because  of  the  driver's  impaired  ability  to  react  /52/. 

When  processing  statistical  accident  data  the  analyst,  however,  enters  a  domaine  that 
may  easily  render  him  a  victim  of  the  pitfalls  and  mantraps  c.'  statistics. 

So  for  instance  the  I'-tistical  n-method,  when  picking  the  afternoon  as  the  period  under 
investigation,  will  inevitably  ..-suit  in  a  coincidence  of  higher  accident  tolls  (increased  traffic 
volume  in  the  afternoons)  and  higher  frequency  of  spherics.  As  a  rule,  spherics  also  occur  mor 
frequently  during  -  second  half  of  the  day  because  of  intensified  instability  of  the  air  near 
the  ground. 

Comparative  tests  on  accident  frequencies  prior  to  and  after  the  introduction  of  flexible 
working  hours  would  for  sure  prove  that  the  correlation  with  the  spherics  now  is  by  far  not  as 
close  as  before.  The  choice  of  proper  statistical  methods  with  equidistant  time  intervals  may  help 
to  correct  biased  results. 

For  the  spherics  it  should  be  remembered  that  they  primarily  occur  in  cyclonic  processes, 
mainly  in  connection  with  cold  fronts  and  throughs,  in  other  words,  in  rain  and  snow  showers, 
partly  in  thunderstorms.  Often  the  sudden  onset  of  these  weather  phenomena  brings  severe  hazards 
such  as  aquaplaning  or  slippery  road  conditions.  Additionally,  these  reductions  of  trafficability 
can  be  enhanced  by  other  characteristic  features  of  cold  fronts  and  throughs  as  gusts  and  visi¬ 
bility  reduction  thus  raising  the  risk  of  an  accident. 

Noth  et  al.  therefore  seem  to  be  right  in  expressing  their  doubt  whether  the  frequency 
of  accidents  is  based  purely  on  "biotropical"  weather  effects  /53/. 

The  synchronous  occurrence  of  accident  data  and  spherics  in  "the  absence  of  meteoro¬ 
logical  incidents  of  a  specific  type",  for  example  precipitation  and  thunderstorms,  is  no  counter¬ 
evidence.  Recent  observations  have  revealed  that  the  intensity  of  precipitation  is  liable  to  con¬ 
sider  .ble  fluctuations  during  cold  front  passages  due  to  topographical  conditions.  The  same  holds 
true  for  visibility,  wind,  and  -  especially  in  higher  levels  -  the  cloud  base.  From  this  it  follows 
that  a  statistical  analysis  of  the  accident  rate  claiming  to  be  of  scientific  significance  must 
aim  at  the  careful  study  of  each  individual  case.  Under  no  circumstances  meteorological  data  of 
the  nearest  weather  station  should  be  allowed  for  extrapolation  without  caution,  because  that 
station  might  for  instance  be  located  on  the  leeside  of  an  orographic  obstruction;  thus  its  good 
weather  conditions  might  not  be  valid  for  the  site  of  the  accident  which  might  be  located  in  an 
extremely  windward  position  with  markedly  unfavourable  weather  conditions. 

In  this  context  it  should  be  emphasized  that  also  in  lowlands  the  local  fluctuations  in 
the  effects  of  cold  fronts  and  throughs  can  be  relevant.  Therefore,  in  spite  of  comprehensive  data 
from  68  000  traffic  accidents  in  Hamburg,  analyzed  by  Kohn,  no  proof  could  be  furnished  so  far  of 
the  influence  of  spherics  /5V«  This  is  also  supported  by  Schroder's  measurements  of  very  long 
waves  in  Hamburg  which  did  not  show  any  coincidence  with  accidents  /55/. 

Because  of  these  discrepancies  it  is  justified  that  Israel,  one  of  the  best  authorities 
on  atmospheric  electricity,  considers  the  causal  relationship  between  accidents  and  spherics  as 
a  physical  freak  like  a  divining  rod  and  earth  rays  /56/. 


Apart  from  Israel,  distinguished  physicians  and  physicists  like  Abele,  Prokop, 

Kiihnke,  Zoller,  et  al.  have  pleaded  against  the  one-sidedness  of  the  advccates  of  specific 
philosophies  in  their  books  "Wvinschelrute,  Erdstrahlen  und  WiBsenschaft"(divining  rod,  earth 
rays,  and  science)  and  "Medizinischer  Okkultismus"  (medical  occultism)  /57/. 

To  prove  the  effects  of  spherics  on  accidents  it  i6  not  admissible  to  point  to  the 
different  percentages  of  the  increase  of  the  accident  toll  due  to  slippery  roads  in  cases 
without  (6.5  #)  and  with  cyclogenesis  (40  %).  Obviously  the  number  of  accidents  must  not  be 
seen  as  a  function  of  the  frequency  of  slippery  road  conditions  but  as  a  function  of  its 
absolute  duration  in  relation  to  the  traffic  volume.  Besides  it  can  be  anticipated  that  the 
accident  risk  with  cyclogenetic  processes  is  enhanced  by  reduced  visibility  and  the  influence 
of  wind. 

The  effectiveness  of  spherics  is  not  evidenced  either  by  the  evaluation  of  industrial 
accidents  because  the  results  are  often  biased:  Statistics  do  not  tell  whether  for  instance 
slippery  conditions  have  caused  the  accident  or  not.  In  this  respect  the  preclusion  of  accident 
statistics  of  specific  trades  like  building  or  shipping  does  not  improve  the  basic  material  as 
long  as  it  still  contains  the  data  of  those  trades  that  are  practically  always  exposed  to  the 
weather  like  agriculture,  quarries,  opencast  mining,  etc. 

This  information  is  indicative  of  the  fact  that  in  order  to  obtain  an  unbiased  result 
it  is  absolutely  necessary  to  filter  out  all  those  cases  from  accident  statistics  that  according 
to  meteorological  data  were  beyond  all  doubt  caused  by  trivial  weather  factors.  It  is  better  to 
work  with  a  smaller  but  purified  collectiv  than  to  deal  with  a  non-verified  mass  of  data. 

A  separate  analysis  of  the  data  of  underground  mining  again  must  be  carried  out  with 
caution  because  these  areas  "are  shut-off  from  natural  weather  rather  completely". 

After  the  war  there  ha6  been  quite  a  number  of  underground  miuing  installations  which 
are  subject  to  surface  water  seeping  in  very  fast  through  cracks  of  high  permeability.  In 
addition  the  trucks  continuously  returning  from  the  open  air  in  rain  or  snow  introduce  the  po¬ 
tential  risk  of  hazards  of  a  meteorological  nature  into  the  underground  mining  facilities.  This 
hazard  is  not  to  be  overstressed  here.  It  is,  however,  certainly  worse  than  that  of  possibly  in¬ 
creased  spherics  at  the  time  of  the  beginning  of  the  shift  under  the  influence  of  which  the  mining 
worker  i3  supposed  to  bring  down  into  the  pit  "strongly  increased  preparedness  for  accident". 

The  latter  statement  may  or  may  not  be  termed  a  speculation.  But  there  is  no  doubt  that  the  con¬ 
clusions  in  the  domaine  of  industrial  medicine  drawn  by  those  supporters  of  the  spherics  theory 
are  highly  objectionable.  They  for  instance  hold  the  argument  that  "improving  ventilation  and  air 
conditioning  are  not  considered  necessary"  because  of  the  hypothetical  importance  attached  to 
spherics  triggering  an  accident. 

Transferring  these  ideas  to  the  air  conditioning  of  the  cockpit  would  be  irresponsible 
with  regard  to  flight  safety. 

Meanwhile  profit-seeking  manufacturers  of  air  conditioning  devices  take  advantage  of  the 
above  statements  in  taking  up  the  production  of  "pulse  field  devices".  These  devices  are  meant  to 
produce  "favourable"  electrical  fields  in  working  and  living  areas,  but  also  in  automobiles,  and 
recently,  even  in  aircraft  /58/. 

Since  no  proof  could  be  furnished  so  far  for  the  causal  influence  of  natural  atmospheric 
electrical  fields,  some  doubt  must  be  expressed  as  to  the  enhancing  effects  of  man-made  atmo¬ 
spheric  electrical  fields  on  human  reaction  capability. 

It  must  be  highly  appreciated  therefore  that  Belter  takes  a  clear  stand  against  the 
speculators  of  "pulse  field  devices"  in  a  new  publication  /59/.  His  arguments  like:  "For  the 
effectiveness  of  atmospheric  electrical  parameters  there  is  no  receptor  in  the  organism  that  can 
directly  respond  and  signal  the  stimulus"  and  also  "i  should  be  considered  that  temperature, 
-elative  humidity,  air  movement,  heat  radiation,  etc  determin  the  cryptoclimate"  reveal  that 
teiter  is  now  looking  at  things  in  a  more  sophisticated  way  than  he  did  before. 

As  far  as  spherics  are  concerned  the  above  author  states  that  "they  are  only  of  second 
order  in  their  influence  and  can  be  overcompensated  any  time  by  other  environmental  factors". 

The  fact  is  stressed  that  man  himself  creates  a  significant  level  of  electrical  inter¬ 
ference  overcompensating  all  standard  fields  by  use  of  clothing,  synthetic  materials,  electrical 
equipment  etc. 

With  regard  to  the  incorporation  of  atmospheric  ions  Reiter  says  that  "strictly  speaking 
no  biological  effect  is  to  be  anticipated".  "Ions,  however,  are  adsorbed  by  the  ever  present 
aerosol  particles  which  due  to  their  low  mobility  have  a  good  chance  to  reach  the  respiratory  tract 
and  eventually  trigger  biological  effects." 

Medical  scientists  (Ranscht-Froemsdorf f )  state  that  "the  effects  of  natural  and  man-made 
spherics  are  diminished  or  become  ineffective  by  modified  environmental  conditions  as  for  in¬ 
stance  temperature,  room  lightning,  atmospheric  pressure.  A  growth  in  human  preparedness  to  reaction 
and  mental  performance  could  not  be  established  by  any  one  program"  /6 0/. 

By  this  statement  the  author  mentioned  above  gives  up  the  statement  he  made  in  1974  that 
in  "specific  electro-climate  chambers  serial  testing  of  volunteering  student  groups  during  a  per¬ 
manent  stay  inside  inferred  direct  biological  effects  of  spherics  on  the  functional  and  biochemical 
parameters  of  blood  coagulation,  blood  count,  blood  sedimentation  rate,  blood  pressure,  pulse  rate, 
temperature,  reaction  time,  allergic  vulnerability,  mood,  and  sleep  behavior"  /6l/. 
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In  1975  the  medical  relevance  of  the  electro-climate  was  turned  down  by  Jessel, 

Wedler,  Krohling  and  others  during  the  80th  Congress  of  the  "Deutsche  Qesellschaft  fur 
Physikalische  Chemie  und  Rehabilitation  "  at  Freiburg/Breisgau.  Summarizing  the  outcome  of 
this  congress  Gopfert  states  that  "no  conclusions  can  be  drawn  from  this  for  practical  use"  /62/. 

Within  the  geophysical  community  there  is  no  doubt  regarding  the  biological  ineffective¬ 
ness  of  commercial  pulse  field  devices  on  the  market  now. 

In  1976  and  1977  several  authors  tried  again  to  convince  people  that  the  influence  of 
atmospheric  electrical  fields  should  be  an  objective  of  accident  research.  Thus,  the  "Bundes- 
anstalt  fiir  StraQenwesen"  in  Germany  together  with  the  "Deutscher  Wetterdienst"  and  the  "Bundes- 
ministerium  fiir  Verkehr"  were  challenged  in  1978  to  issue  a  critical  review  on  'pros  and  cons  of 
that  complex.  The  "Bundesanstalt"  was  fair  enough  to  offer  a  meeting  where  proponents  and  opponents 
were  given  the  chance  to  frankly  discuss  their  respective  opinions. 

The  expert  hearing  at  the  "Bundesanstalt  fiir  Strafienwesen"  in  Cologne  resulted  in  plain 
refusal  /63/:  No  side  was  in  contradiction  to  the  argument  that 

"results  of  tests  under  review  did  not  give  reason  to  recommend  installation  of  field 

generators  in  automobiles". 

On  the  contrary,  prohibitive  action  on  this  equipment  was  considered  because  "the  moto¬ 
rist,  possibly  depending  on  the  effectiveness  of  the  generator,  may  be  misled  to  the  believe  that 
he  may  perform  better  than  usual". 

For  formal  legal  reasons,  however,  it  is  not  possible  in  Germany  to  take  any  prohibitive 
action  against  the  construction  and  distribution  of  field  generators. 

There  is  no  doubt  the  fact  that  the  installation  of  such  equipment  in  aircraft  must  from 
the  beginning  be  precluded  for  flight  safety  reasons,  especially  in  the  military  aircraft. 

This  is  strongly  supported  by  information  received  from  institutes  outside  Germany,  for 
instance  from  the  "Naval  Aerospace  Medical  Laboratory,  Naval  Air  Station,  Florida",  where  unbiased 
animal  test  series  furnished  no  evidence  of  any  relationship  between  the  reaction  time  and  electro¬ 
magnetic  fields  in  any  kHz  frequency  range,  not  even  after  test  series  of  more  than  1  000  hours 
duration  /64/* 

"Day-to-day  variations"  are  "much  greater  than  field-to-field  variations"  was  the  note¬ 
worthy  comment. 

Another  interesting  finding  is  that  none  of  23  different  blood  tests  (creatine,  hemoglobine, 
potassium,  etc.)  revealed  any  dependence  on  the  extremely  low  frequency  field  (ELF-field). 

This  verifies  the  results  obtained  by  D.E.  Beischer,  J.D.  Grisset  et  al.  in  1973:  "No 
differences  in  reaction  time  in  either  man  or  monkey  were  produced  by  the  ELF-fields"  /65/* 

In  one  of  their  recent  works  on  the  weather  influence  on  accidents  Jendritzky,  Stahl 
and  Cordes  have  made  an  attempt  at  an  objective  assessment  of  the  effectiveness  of  the  individual 
weather  factors  /66/.  However,  these  authors  did  not  make  critical  selections  of  their  accident 
data  either.  Likewise,  they  did  without  a  detailed  analysis  of  the  orographic  conditions  at  the 
location  of  the  accident  to  determine  a  possible  variation  of  the  local  weather  from  that  of  the 
nearest  observation  station.  Thus,  as  mentioned  before,  no  precise  statement  on  the  effects  of 
environmental  stress,  as  for  instance  subtropical  air,  could  be  made. 

Moreover,  the  test  area  of  Saarbriicken  chosen  by  the  a.m.  authors  is  definitely  unsuitable 
for  the  investigation  of  the  natural  weather  influence  on  accidents  because  of  its  intensive  in¬ 
dustrial  and  urban  emissions.  The  "Arbeitsmedizinisches  Zentrum"  of  Saarbriicken  has  emphasized  that 
air  pollution  strongly  affects  the  health  condition  /67/.  Taking  into  account  that  the  air  pollution 
even  influences  the  mortality  of  man  it  must  be  concluded  that  the  reaction  capability  is  affected, 
too. 


This  assumption  is  supported  by  the  fact  that  the  percentage  deviations  in  the  accident 
rates  in  Saarbruecken  are  highest  in  anticyclonic  weath»r  situations  with  southwesterly  to  north¬ 
westerly  flow.  Industrial  plants  are  located  in  the  directions  mentioned  having  a  high  output  of 
sulfur  dioxide  (SOg),  as  for  instance  the  Volklingen-Burbach  and  Forbach  ironworks. 

In  the  presence  of  such  measurable  emissions,  which  are  a  heavy  load  on  the  human  health, 
it  is  unnecessary  to  search  for  a  hidden  agent  being  the  cause  of  accidents. 

This  statement  in  no  way  is  intended  to  express  any  doubt  about  the  environmental  stress 
resulting  in  discomfort  as  for  instance  under  Foehn  conditions. 

In  the  German  military  domaine  it  was  G.E.  Stolley  who  specifically  stressed  the  biological 
significance  of  emmissions  /68/. 

Because  of  their  extremely  high  concentration  just  beneath  the  top  of  the  inversion  pol¬ 
lutants  may  adversely  affect  the  pilots’  health  when  flying  in  low  levels  without  an  airborne  oxy¬ 
gen  supply.  This  especially  holds  true  in  wartime  when  the  toxicity  at  this  level  may  be  raised  by 
a  factor  of  100  to  1  000  by  traces  of  biological  and  chemical  warfare  agents.  Coalescent  together 
with  adsorptive  processes  and  the  absorption  of  water  or  water  vapor  in  these  cases  results  in  the 
trapsing  of  these  pollutants  over  extended  periods  of  time. 


Furthermore,  E.Plbtzke  referred  to  Goetz* 6  enhancing  effect  in  his  discussion  of  the 
effectiveness  of  chemical  warfare  /69/.  According  to  his  statements  it  consists  in  an  "extra¬ 
ordinarily  remarkable  pathophysiological  effect  of  chemical  warfare  of  smallest  concentration  caused 
by  complex  molecular  kinetic  processes  acting  on  natural  aerosols".  Conversely,  molecular 
shielding  (Gibbs  effect)  can  also  produce  a  neutralization  of  chemical  warfare. 

These  references  are  necessary  with  respect  to  the  cooperation  between  physicians  and 
geophysicists.  In  wartime,  preventive  measures  are  required  to  prevent  flight  accidents  due  to 
toxic  effects.  It  could  primarily  be  aimed  at  calculating  -  for  instance  on  the  basis  of  S.  Uhlig'6 
method  -  the  stability  index  of  the  lower  atmosphere  which  besides  the  wind  decisively  influences 
the  propagation  of  pollutants.  Another  province  of  joint  medical  and  geophysical  effort  is  the 
definition  of  optimal  air  conditioning  of  cockpits. 

Modern  combat  aircraft  are  subject  to  unhindered  insolation  through  the  clear  vision 
canopy  producing  increased  heat  stress  and  sultriness. 

This  is  especially  true  in  tropical  and  subtropical  regions.  The  Germans  studied  these 
problems  in  North  Africa  during  the  World  War  II  /70/.  During  the  AGARD-meeting  of  1968  R.  Gold- 
mann  gave  detailed  information  on  the  thermal  comfort  in  flight  and  its  effect  on  performance  /?1/. 

A  recent  paper  describes  the  physical  effects  of  the  heat  stress  caused  by  the  green¬ 
house  effect  of  the  F-l6  fighter  /72/.  It  reads:  "There  is  no  doubt  that  heat  stress  produces  a 
significant  decrease  in  reaction  time  together  with  a  rise  in  error  rate". 

This  finding  is  in  agreement  with  the  results  obtained  by  M.F.  Allnutt  and  J.R.  Allan  /73/* 

The  test  data  of  all  authors  thus  verify  the  adequacy  of  J.O.  Lorge's  and  J.D.  Grisset's 
concept  that  the  reaction  capability  is  not  dependent  on  any  electromagnetic  fields,  but  rather  on 
temperature,  humidity,  and  barometric  pressure. 

The  authors  mentioned  above  are  right  in  assuming  some  synergistic  effect  of  the  para¬ 
meters  listed. 

It  is  a  difficult  job  to  clarify  this  synergism  with  the  help  of  a  medico-meteorological 
computation  model. 

Fanger's  comfort  equation  used  by  the  "Deutscher  Wetterdienst"  could  offer  a  suitable 
approach.  Not  only  does  it  provide  for  air  temperature,  air  humidity,  ventilation  and  radiation 
but  also  for  activity  and  clothing  of  the  test  person  /7V* 

The  application  of  this  approach  to  the  cockpit  comfort,  however,  is  difficult  due  to 
the  microscale  temperature  variability  in  the  aircraft. 

Following  the  test  data  obtained  by  Sonning,  Kbnen,  and  Knepple  ultraviolet  radiation 
should  also  be  included  in  that  concept  /75/.  They  found  that  these  rays  affect  "the  heat  balance 
of  man  insofai  as  they  are  significantly  involved  in  hyperthermia".  In  addition,  ultraviolet 
radiation  directly  affects  the  nervous  system.  The  cumulative  effect  of  the  total  radiation  there¬ 
fore  must  be  viewed  from  different  standpoints  for  various  flight  levels. 

When  considering  the  affect  of  UV  radiation  on  the  pilot  the  question  of  the  absorption 
by  the  cockpit  windows  is  obviously  important.  Vogt  of  the  DVLR  informed  the  author  that  the 
synthetic  material  used  for  cockpit  windows  in  military  aircraft  shows  unhindered  penetration  of 
UV  rays. 


Because  of  the  individual  differences  in  the  affects  of  the  cockpit  climate  only  approxi¬ 
mate  comfort  data  for  the  "standard  pilot"  can  be  evaluated  so  that  practically  the  air  condi¬ 
tioning  must  be  adjustable  following  the  individual  comfo  -t  equation. 

The  heat  problem,  at  least  in  part,  could  poss  .bly  also  be  solved  by  medical-preventive 
measures.  Investigations  of  the  "Institut  fur  Klimaphysi  >logie,  Umversitat  Freiburg  l.Br."  have 
disclosed  that  heat-adapted  personnel  are  capable  of  increasing  their  physical  performance  /76/. 

This  ability  of  compensating  for  high  temperatures  can  be  explained  by  cellular  adaptation  which 
is  more  effective  than  the  adaptive  enhancement  of  the  ventilation  of  the  lung. 

As  for  the  pilot's  task  in  the  cockpit,  a  medical  comment  would  be  required  or.  the 
applicability  of  the  findings  of  the  above  Freiburg  institute,  namely  an  increase  of  physical 
performance  by  10  %  of  heat-adapted  personnel  measured  with  the  help  of  an  ergometer. 

In  this  context  the  following  private  communication  to  the  author  by  Prof.  Dr.  Dr.  F.3. 
Sulman  (Department  of  Pharmacology  and  Therapeutics,  Bioclimatology  Unit,  Hadassah  University, 
Medical  Center  Jerusalem.  Israel)  on  the  14th  September  1979  is  also  of  interest.  Test  series  with 
summer  and  winter  adapted  athletes  revealed  an  increase  in  performance  in  the  respective  temperature 
ranges. 


The  geophysicist  cannot  commer :  on  thi6  problem.  Hie  prime  task  is  to  inform  the  pilot  so 
that  he  uses  the  optimal  flight  level  on  the  optimal  flight  route. 

In  doing  so  special  attention  must  be  given  to  the  prefrontal  processes  (phase  3  and  4) 
which  according  to  M.  Kreipl  undoubtedly  contribute  to  pilots'  errors  and  flight  hazards,  Fig.  29 

/77/. 
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So  far  it  is  of  minor  concern  whether  in  these  cases  the  pilot's  reaction  is  solely 
due  to  environmental  stress  or  also  due  to  trivial  weather  phenomena. 


3.  SOLUTION  TO  THE  PROBLEM 

It  has  been  explained  in  the  foregoing  chapters  that  the  atmospheric  conditions  in  the 
lower  friction  layer  are  highly  influenced  by  the  lithosphere.  This  implies  that  those  geophysical 
factors  which  affect  low  level  flight  can  substantially  differ  from  those  observed  at  the  airbases. 

During  the  World  War  II  the  Germans  gave  met.  support  by  describing  the  meteorological 
conditions  along  frequented  flight  routes.  They  were  of  course  only  capable  of  taking  into  account 
flight  meteorological  data  relevant  at  the  time  when  the  weather  reconnaissance  flight  was  conducted. 
By  repeating  the  flights  in  different  weather  situations,  however,  comprehensive  data  were  collected 
for  meteorological  support  to  later  flights  on  the  same  route. 

Additional  weather  reporting  stations  were  set  up  for  all  routes.  They  were  mainly  post 
office  agencies  and  their  personnel  had  been  briefed  on  weather  observation. 

In  this  way  relevant  factors  like  visibility,  cloud  base,  wind  etc.  could  be  requested 
by  phone  any  time  in  marginal  weather  conditions. 

Generally  this  system  worked  so  well  that  it  is  still  partly  in  use,  to  back  up  the  met. 
support.  In  6ome  areas  guardrooms  of  barracks  and  other  military  installations  serve  as  auxiliary 
weather  reporting  posts  that  can  be  called  up  around  the  clock. 

This  procedure  is  a  more  or  less  adequate  means  for  the  better  interpolation  of  the  data 
measured  or  observed  by  the  technical  personnel  of  the  official  weather  stations. 

It  need  not  be  pointed  out  that  in  future  for  high  speed  low  level  flight  more  precise 
information  is  required.  After  a  false  prognosis  a  modern  jet  aircraft  can  only  make  an  emergency 
landing  on  undestroyed  Autobahn  strips  when  am  air  base  is  not  within  reach  in  wartime.  Moreover, 
for  the  accomplishment  of  the  military  mission  it  is  necessary  not  only  to  forecast  the  weather  on 
the  flight  route  but  rather  that  of  a  larger  flying  zone  so  that  the  pilot  may  be  able  to  choose 
alternate  routes. 

This  means  that  the  forecast  would  have  to  be  converted  from  mere  route  to  zonal  weather 
support,  including  the  recommendation  to  the  pilot  which  route  he  should  prefer  for  the  fulfilment 
of  the  sortie. 

The  best  tool  for  the  selection  of  the  optimal  flight  routes  in  low  level,  no  doubt,  is 
a  digital  terrain  data  base,  supplemented  by  geophysical  inputs. 

The  German  Ministry  of  Defense  therefore  has  procured  a  "topographic  terrain  data  base" 
also  suited  for  other  purpose  like  for  instance  military  technology. 

In  this  system  the  territory  of  the  Federal  Republic  is  broken  down  into  squares  of  150  m 
:n  length  in  north-south  and  95  m  in  length  in  east-west  directions  /78/. 

Each  field  contains  the  following  information: 

-  terrain  elevation  in  meters 

-  topographic  values: 

1.  large  residential  area,  major  town,  industrial  area; 

2.  small  residential  area,  small  city,  village,  settlement; 

3 .  coniferous  forest; 

4.  mixed  forest;  - 

5.  deciduous  forest; 

6.  heathland,  shrubwood,  dwarf  pine  wood; 

7.  dry  plowland,  sand,  gravel,  rock  debries; 

8.  wet  soil,  moorland,  swamp; 

9.  fresh  water; 

10.  ocean. 

In  cooperation  with  the  holder  of  the  terrain  data  base  (Industrieanlagen-Betriebs- 
gescllschaf t  (IABG)),  the  "Amt  fur  Wehrgeophysik"  has  supplemented  the  terrain  data  base  by  in¬ 
puts  of  meteorological  and  plantphenological  data  for  some  areas  /79/ • 

For  efficiency  reasons  all  squares  that  did  not  show  any  significant  meteorological 
differences  were  combined  into  larger  units  with  uniform  weather  features.  Meynen's  map  of  the 
"Naturraumliche  Gliederung"  (classification  of  natural  regions)  was  used  in  that  process  /8C/. 

The  problem  now  was  to  assign  to  the  individual  natural  squares  lacking  weather  obser¬ 
vations  regularly  reporting  weather  stations  nearby  that  -  for  reasons  of  topography  and  climat¬ 
ology  -  can  be  assumed  to  experience  similar  weather. 
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These  corresponding  areas  are  interchangeable  depending  on  varying  weather  situations, 
seasons  or  time  of  day. 

This  type  of  inter-  or  extrapolation  will  provide  for  better  met.  support  in  each  indi¬ 
vidual  case.  The  data  inputs  of  the  working  group  on  "Regional  Flight  Climatology"  of  the  "Deutscher 
Wetterdienst"  and  "Amt  fUr  Wehrgeophysik"  are  also  used.  This  group  conducts  analysis  of  all  ex¬ 
perience  gained  in  civil  and  military  aviation  and  evaluates  all  publications  it  can  get  hold  of  in 
the  field  of  flight  climatology  /8l/. 

A  complete  data  base  should  contain  additional  data  relevant  for  flight  information,  for 
instance  phenological  data  for  problems  of  camouflage,  ornithological  information  for  birdstrike 
hazards,  pedological  details  for  dust  formation  and  visibility  reduction,  oceanographic  data  on  wave 
heights,  glazy  sea  and  saline  displacement.  Thus  the  terrain  data  base  must  be  supplemented  in  the 
framework  of  a  technical  information  system. 

Trafficability  data  must  likewise  be  fed  into  this  system  because  geophysical  support  in 
wartime  mu6t  also  cover  litho-  and  atmospheric  parameters,  since  in  the  majority  of  cases  air  raids 
are  conducted  in  connection  with  tank  operations  on  the  ground. 

The  input  of  industrial  and  urban  emission  data  would  substantially  improve  the  reliability 
of  visibility  forecasts.  Besides,  this  would  offer  an  ideal  opportunity  for  verifying  predictions  on 
the  propagation  of  other  suspensoids,  for  example  chemical  and  biological  warfare  agents. 

On  behalf  of  all  NATO  partners  the  area  to  be  covered  by  geophysical  data  should  be  ex¬ 
tended  beyond  the  borders  of  the  Federal  Republic  of  Germany.  Only  in  this  way  can  uniform  basic  in¬ 
formation  systems  be  established  for  the  benefit  of  all  concerned  who  by  use  of  computers  (GEOVOR) 
will  enable  i.he  assignement  of  those  flight  routes  and  levels  presenting  minimum  flight  hazards  to 
the  man-machine-system.  These  optimal  areas  are  identified  by  S.  Dhlig's  characterization  of  "chains 
of  natural  regions  of  relatively  favourable  weather  conditions",  Fig.  30  /82/. 

This  should  be  the  way  to  keep  down  the  current  low  rate  of  the  weather  factor  m  flight 
crashes,  Fig.  2.  This  is  of  special  concern  since  flight  accidents  due  to  weather  are  among  the  worst. 


By  selective  use  of  human  engineering  like  the  introduction  of  multisensor  systems  and 
the  increased  presentation  of  information  by  acoustic  signals  as  discussed  earlier,  an  optimal 
pilot  alertness  to  react  can  be  achieved  /83,  84,  85/. 

Since  the  professional  interpretation  of  the  great  number  of  data  in  the  near  future 
cannot  be  done  by  a  robot  but  only  by  man  who  is  himself  dependent  upon  geophysical  effects,  the 
cooperation  between  the  medical  and  the  geophysical  community  must  be  intensified  especially  with 
a  view  to  high  speed  low  level  flight. 


4.  DISCUSSION  AND  CONCLUSIONS 

To  avoid  one-sidedness,  the  geophysical  HSLLF-problems  must  be  discussed  considering 
all  the  other  contributions  to  the  AGARD  conference  of  Lisbon.  For  this  reason  the  author  post¬ 
poned  the  concept  of  this  final  chapter  until  cognizance  of  the  other  reprints  was  gained. 

It  is  noticeable  that  in  practically  all  discussions  the  importance  of  the  environ¬ 
mental  stress  was  pointed  out.  If  not  only  the  physiological-psychological  but  also  the  physical 
components  which  have  an  effect  on  the  Man-Machine-System  are  considered,  the  complexity  of 
synergism  becomes  apparent.  This  is  of  special  importance  when  the  concept  of  environmental  stress 
shall  include  the  consequences  of  all  geofactors.  These  ao  not  only  belong  to  the  atmosphere  but 
also  to  Hydro-,  Litho-  and  Biosphere.  Because  of  the  intensity  of  interaction  of  the  above  mentio¬ 
ned  spheres  in  Low  Level,  the  geoscientif ic  problems  of  the  HSLLF  can  not  be  considered  from  the 
meteorological  viewpoint  only. 

For  this  reason  it  is  wrong  -  or  at  least  misleading  -  to  speak  of  the  "all  weather 
capability"  of  an  aircraft.  In  this  respect,  P.V.  Kulwicki,  therefore,  has  expressed  himself  very 
cautiously  in  the  discussion  of  the  flying  capabilities  of  the  Fl6.  It  can  be  supposed  that  also 
H.M.  Archer  would  like  to  have  understood  the  "all  weather  capability"  of  the  Tornado  not  in  the 
sence  of  a  complete  immunity  of  this  aircraft  with  regard  to  unfavourable  geofactors.  Otherwise 
it  is  hardly  understandable  why  J.G.  Jones  has  mentioned  the  terrain  and  atmospheric  conditions 
at  all,  in  his  paper  on  "Ride-Bumpiness  and  the  Influence  of  Active  Control  Systems",  which  imme¬ 
diately  follows  Archer's  lecture. 

The  same  is  true  for  the  many  references  of  nearly  all  speakers  to  the  multiple  geo¬ 
factors  which  represent  special  hazards  for  HSLLF. 

The  "15  year  Review  of  the  HSLLF-accidents  of  the  Canadian  Forces"  by  R.C.  Rud  and  D.F. 
Leben,  has  given  the  host  proof  for  the  accuracy  of  the  thesis  that  especially  HSLLF  is  influenced 
to  a  high  degree  by  geofactors.  Accordingly  marginal  weather  "appears  to  be  the  one  most  signifi¬ 
cant  factor  contributing  to  HSLLF-Accidents".  Considering  that  the  human  factors  mentioned  by  the 
above-named  authors,  are  also  influenced  by  geophysical  factors  it  is  to  be  concluded  that  the  "sll- 
weather-capability"  is  merely  a  futurist  idea. 

In  this  respect  the  references  to  the  work  of  A.F.  Zeller  and  I.D.  Marsch  by  R.F.  Strib- 
ley  and  S.A.  Nunneley  is  of  interest.  In  these  one  has  examined  the  material  of  3  00(5  accidents  of 
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fighter  aircraft  of  the  USAF  (accidents  examined  in  Canada  =  30)  /86/.  This  extensive  statistical 
material  shows  that  "the  environmental  heat  may  make  a  significant  contribution  to  the  accidents". 

Stribley  and  Nunneley  have  said  that  the  heat  stress  is  often  the  highest  during  HSLLF 
(also  in  temperate  climates).  Therefore  more  attention  must  be  paid  to  this  medico-meteorological 
problem  from  the  geophysical  point  of  view  in  the  future. 

The  importance  given  to  these  questions  by  aero-medicine  may  be  judged  from  the  number 
of  lectures  in  Lisbon  dealing  with  the  "thermal  stress". 

Besides  the  already  mentioned  authors  also  T.M.  Gibson,  J.R,  Allan,  C.J.  Lawson  and  R.G. 
Green  talked  on  these  problems.  Referring  to  the  important  research  by  R.R.  Bollinger  and  G.R.  Car- 
veil  they  confirmed  indirectly  the  effects  of  "thermal  stress"  on  the  flight-accidents  of  the  Ca¬ 
nadian  and  American  AF  with  data  from  the  OK.  According  to  this  data  the  pilots'  errors  amount  to 
24.2  %  in  summer  but  only  9-5  %  in  winter!  In  a  combat  situation  this  means  of  course,  considerable 
differences  in  the  success  of  missions. 

In  order  to  improve  the  rate  of  success  it  is  absolutely  necessary,  according  to  the 
opinion  of  the  Senior  test  pilot  British  Aerospace  J.J.  Lee,  to  know  the  "optimal  flight  path". 

This  can  only  be  indicated  under  geophysical  aspects.  If  the  geophysicist  considers  in  his  briefing 
the  exact  "cloud  cover"  and  the  position  of  the  sun,  the  choice  of  a  suitable  flight-route  alone 
can  reduce  the  thermal  stress  to  a  minimum. 

Geophysical  consultation  is  all  the  more  important  as  the  technical  possibilities  of  the 
cockpit-climatisation  are  6till  not  satisfactory  at  present  as  pointed  out  by  Timbal  and  Colin. 

In  HSLLF  the  question  of  the  flight  path  and  the  flight  altitude  with  minimal  heat-stress 
is  still  more  important  because  the  g-tolerance  can  be  affected  by  the  temperature  (Bollinger  et  al). 
Besides,  in  consequence  of  sweat  dripping  into  the  eyes,  there  can  very  often  be  a  considerable  re¬ 
duction  of  the  flight  visibility.  Of  course,  thermal-stress  can  relatively  often  be  expected  with 
VMC.  Because  of  the  above  mentioned  influence  on  the  g-tolorance  meteorological  aspects  must,  in 
"fair  weather",  lead  to  flight  paths  with  a  minimum  of  relief  energy.  Furthermore  paths  along  wind¬ 
ing  rivers,  as  for  example  the  Moselle  in  France  and  Germany  must  be  avoided. 

These  indications  show  that  consultations  of  HSLLF  especially  under  VMC  conditions  must 
take  into  consideration  topographical  and  geophysical  Structures.  In  view  of  the  causality  of  vi¬ 
brations  P.  Quandieu,  P.  Borredon,  J.C.  Roumet  and  L.  Pellieux  have  stressed  this  demand.  The  above 
authors  mention  further  the  influence  of  the  geological  formations  on  the  air-density  in  the  lowest 
friction  layer,  which,  as  could  be  demonstrated  by  the  example  of  the  "Plaidter  Hummerich",  can 
lead  to  flight  accidents. 

In  many  cases  the  risk  of  accident,  is  increased,  also  by  the  turbulences  and  vibrations 
occurring  at  the  same  time  and  the  visual  suppression  resulting  from  it  (G.R.  Barnes,  M.E.  Johnston, 
R.L.  Be  Hart,  D.N.  Jarrett,  L.  Vogt,  E.  Schwartz,  H.  Mertens,  M.E.  Johnston,  J.H.  Wharf).  Geophysical 
consultations  to  HSLLF  must  therefore  point  out  the  many  aspects  of  CAT  near  the  ground-level. 


Since  the  position  of  the  sun  and  the  weather  decisively  influences  the  background¬ 
brightness  and  the  illumination  in  the  cockpit,  both  factors  determine  at  the  same  time  the  chance 
of  target-acquisition  and  the  optimal  design  of  cockpit  displays.  (R.H.  Holmes,  D.N.  Jarrett,  H. 
Rosenwasser,  G.T.  Chisum,  J.J.  Kulik,  M.L.  Wolbash-,  M.M.  Cohen,  A.  Lewis,  D.W.  Hossey,  M.E.  Johnste.i, 
J.H.  Wharf,  M.A.  Ostgaard).  Possibly  these  optical  difficulties  in  the  cockpit  will  contribute  tc. 
increased  use  of  acoustic  signals  in  the  future.  In  this  respect  it  is  important  to  note  that  m 
the  23rd  Annual  Meeting  of  the  Human-Factor-Society  in  Boston,  Mass.  (Oct.  29,  -  Nov.  1,  1979), 
which  followed  the  conference  in  Lisbon,  the  problem  of  the  "auditory  vs.  visual  display"  was 
subject  of  a  special  lecture  /8?/.  In  this  Fig  31  shows  clearly  the  faster  reaction  of  the  proband 
to  acoustical  signals  than  to  optical  signals.  The  authors,  however,  are  very  cautious  with  follow 
up  conclusions  stressing  that  the  application  of  the  auditory  channel  must  not  be  regarded  as  the 
ultima  ratio,  because  the  tone  occasionally  caused  strongest  panic  reactions  (full  braking). 

Fossibly  the  "Colour  Display",  discussed  by  D.W.  Hussey  in  Lisbon  represents  a  new  cock¬ 
pit  philosophy,  which  also  satisfies  the  special  demands  of  a  hostile  environment. 

In  any  case  it  is  noteable  that  quite  an  extensive  range  of  colours  is  planned  for  use 
in  the  civil  transport  electronic  flight  instruments  currently  under  development. 

R.H.  Holmes  emphasized  in  this  respect  "that  also  light  aircraft  which  have  dials  with 
coloured  segments  for  normal  or  caution  ranges  often  have  better  presentations  than  military  air¬ 
craft". 


It  must  be  supposed  that  the  developement  of  the  "optimal  display  technology"  will  also 
profit  from  the  geophysical  indications  of  the  cockpit  environment.  The  collaboration  of  the  geo¬ 
physicist  in  the  solution  of  aviation  problems  is  necessary  in  any  case  when  it  deals  with  new 
"Indicative-Technics",  e.g.  of  the  wind  shear  /88/. 

These  problems  must  be  emphasised  from  the  geophysical  point  of  view,  especially  because 
it  makes  the  establishment  of  priorities  possible.  The  question  of  the  wind  shear  indication  is  for 
example  of  considerably  greater  importance  for  the  correct  and  quick  reaction  of  the  pilot  than  the 
purely  academic  question  of  the  influence  of  spherics. 

The  lectures  in  Lisbon  as  well  as  the  recent  publications  m  the  sphere  of  "human  factors" 
showed,  how  difficult  the  determination  of  suitable  parameters  for  the  quantification  of  the  en- 
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vironmental  stress  is.  Remarkable  is  for  example  the  agreement  of  the  research  of  H.  Radke  and  H. 
Voss/D.  Bouis,  according  to  which  the  puls- frequency  cannot  be  used  as  a  physiological  measure  for 
purely  sensomotoric  stress  /42/89A 

The  crucial  question  to  geophys  .cs  is  always  "In  which  way  can  geophysics  make  an  active 
contribution  to  the  decrease  of  environmental  stress  ?"  Here  only  prophylactic  methods  are  of  value. 
The  geophysicist  must  indicate  to  the  pilot  exactly  the  flight  path  and  the  flight  altitude,  which 
are  most  suitable  for  the  solution  of  his  military  mission.  This  can  be  done  best  with  the  aid  of 
the  terrain-data-bank,  explained  in  this  paper. 

The  lectures  in  Lisbon  have  shown  that  in  addition  to  the  geophysical  data  already  mentio¬ 
ned  especially  the  values  of  relief  energy  must  be  stored.  The  potential  g-forces  on  the  different 
flight  paths  could  be  found  with  the  help  of  so  called  "Hypsographs"  /9<3/.  Because  of  the  consider¬ 
able  influence  of  the  g-forces  on  the  faculty  of  the  pilot's  vision,  it  is  of  no  use  to  determine 
a  flight  route  which  shows  good  meteorological,  but  poor  physical  conditions  for  the  pilot. 

As  the  author  has  shown,  an  integrated  evaluation  of  the  "effective  sight",  which  is 
decisive  for  the  pilot  in  HSLLF  especially  under  battlefield  conditions  must  be  carried  out  /91/. 

The  way  chosen  by  the  AW(leophy6,  namely  the  use  of  the  terrain-data-bank  on  the  basis 
of  natural  regions,  is  to  be  regarded  as  the  only  right  one,  as  especially  the  lecture  by  H.  Hutsch- 
ler  has  confirmed.  It  was  convincingly  shown  that  the  target  aquisition  is  significantly  dependent 
on  the  contrast  values  and  the  local  context.  A  priori  one  can  suppose  that  the  contrast  and  con¬ 
text  values  in  the  "Naturfelder"  are  equal  or  similar.  This  is  also  valid  for  the  cold  season  in 
which  a  snow  cover  can  be  expected  v-hich  may  lead  to  visual  confusion  (R.L.  De  Hart). 

Since  comparable  visual  abberiations  and  apparent  displacement  of  objects  caused  by  shock 
waves  at  transonic  speeds,  compression,  or  turbulence  of  air  can  be  expected  within  a  natural  region, 
the  geophysical  consultation  bt.sed  on  these  natural  regions  should  be  optimal. 

The  importance  of  the  "Bird-Strike-Hazard"  discussed  here,  has  also  been  stressed  by  R.L. 
Dettart  for  the  HSLLF .  This  is  important  both  for  flights  over  land  and  sea. 

Tactical  missions  over  sea  must  always  take  into  consideration  radar  holes  caused  by  the 
thermic  layer  of  water  and  air  Fig.  32/92/.  Besides  especially  those  paths  to  be  preferred  which 
offer  the  greatest  survival  chance  for  the  air  crew  m  the  event  of  the  accidental  immersion  in 
cold  water.  It  ha6  to  be  considered  that  maritime  areas  with  water  temperatures  higher  only  by  a 
few  degrees  centigrade,  can  bring  a  decisive  increase  of  the  "ultimate  survival"  that  M.A.A.  Hobbs 
spoke  of  in  Lisbon  Fig.  33/93/.  Only  if  this  is  taken  into  consideration  the  problems  discussed  by 
J.H.  Raddin,  L.J.  Specker  and  J.W.  Brinkley,  about  the  "sequenced  delaytime  for  escape  from  HSLLF- 
profiles"  may  be  dealt  with  according  to  their  priority. 

The  above  mentioned  author  is,  by  the  way,  convinced  as  well  as  W.Mc  Intosh  of  the  impor¬ 
tance  of  the  problems  of  "survival  under  adverse  weather  conditions".  This  statement  is  not  only 
valuable  for  sea-  but  also  for  land-regions,  in  which  the  chances  of  survival  can  be  extremely 
different. 


As  an  example  the  relatively  high  temperatures  of  +3°  C  in  the  vicinity  of  "Eskers" 
can  be  mentioned,  which  prevail  throughout  the  entire  winter  while  freezing  temperatures  of  -30°  C 
are  common  in  the  surrounding  area  e.g.  in  Finland  Fig.  34/94/. 

It  is  clear  that  a  pilot  near  such  increased  temperatures  has  a  considerably  higher 
chance  of  survival. 


The  phenomena  described  above  also  occur  with  certainty  in  other  arctic  and  sub-arctic 

areas. 


The  declaration  of  the  admiral  F.  Turner,  mentioned  by  M.A.A.  Hobbs  "we  have  seats  and 
ejection  systems  that  literally  hurl  the  man  out  into  the  darkness"  must  be  extended  in  the  geo¬ 
physical  sence  as  follows:  "the  pilot  needs  geophysical  information  on  the  areas,  where  he  has  the 
best  chance  to  survive". 
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FIG  10 

CONTENT  OF  DUST  AND  VISIBILITY 
(Botscher,  M.  Meteorological 
Research  of  the  Dus'"  atmosphere  , 
Publications  Geophys.  Inst. 
Leipzig  1  (195?)  H.  1 


[#/mz  month] 


VISIBILITY  (km) 

DESTRUCTIONS 
IN  WARTIME 


H  ight  in  meter 


FIG. 12 


1535/ 3* 


1940/41  1943/44  45/46 


1950/51  1700 


^*0  71  i  /  on 

SEDIMENTATION  OF  DUST  IN  BERLIN 

(Lorner,  A.,  Zehn  Jahre  Regenwasseranalysen  -  ein  Bel-  ^ 100 
trag  zur  Ortsublichkeit  von  Staubmederschlagen,  Ge- 
sundheitsingenieur  70,  (1949)  S.  196  -  200) 

800 


A- 


4f 


0  1000  2000  3000 

Occurrence  (Number  of  cases) 

OCCURENCE  OF  CLOUDS  AND  FOG  IN  HEIGHTS 
BETWEEN  0  AND  5  000  m,  HAMBURG,  SOESTER- 
BERG,  COLOGNE.  MILDENHALL.  (Skierlo,  U.  , 
Statistische  Bearbeitung  def  Wolken- 
messungen  ausgewahlter  europaischer 
Wetterf lugstellen ,  forsch.  u.  Erf.  Ber. 
des  RWD,  RA  Nr  J,  1940) 
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FIG  13 

FREQUENCY  OF  ICING  AS  A  FUNCTION  OF  AIR  TEMPERATURE.  (Trunov.  0,-  Zaschtschita  ot 
obledenenija  sverchzvykovych  samoietov,  Aviacija  l  Nocmonavtika ,  Nr  2  (1969)) 

1.  1775  TEST  FLIGHTS  IN  CIVIL  AVIATION  IN  THE  USSR  -  2.  260  DEBRIEFINGS  OF  PILOTS 
OF  BOAC  AND  TU-114  -  220  TEST  FLIGHTS  OUTSIDE  USSR  -  4.  ENVELOPE 


FIG  14 

INSECT  IMPACTS  ON  THE  COCKPIT  OF  A  BRE^UET  ATLANTIC,  19.06.1979 


FIG  15 

INSECT  IMPACTS  ON  THE  COCKPIT 
OF  AN  ALOUETTE  II  IN  LLF.  THE 
RESTRICTION  OF  VISIBILITY  WAS 
THE  CAUSE  OF  A  SEVERE  ACCIDENT. 
THE  HANGAR,  DISTANCE  50  m,  CAN 
HARDLY  BE  SEEN. 
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SEASONAL  VARIATION  OF  BIRDSTRIKE 

FIG  16 

H  Bundeswehr 


above  1500  ft  GND 


«— -«  below  500  ft  OND 


N  -  number  of  birdstrike 


FIG  1? 

FREQUENCY  OF  TURBULENCE  AS 
FUNCTION  OF  HEIGHT 


30  0763  0600  GMT 


FLIGHT-ROUTES 
LONDON  -  FAR  EAST 
LONDON  -  NORTH  AFRICA 


LOW  LEVEL  JET  OVER  ALTENSTADT  (ALPS,  GERMANY)  /?3/ 


2- 


0 


WIND  SPUD  DXMCTION 

FIG  19 

LOW  LEVEL  JET  IN  THE  BAVARIAN  PRE-ALPINE  REGION  /25/ 
HEIGHT  ABOVE  GROUND 


THE  ACCIDENT  WAS  CAUSED  BY  THE  HIGH  TEMPERATURE 
AND  DENSITY  GRADIENTS  NEAR  THE  POINT  OF  IMPACT 


2-37 


FIG  2-j& 

RELEASE  f<o  72btk,  Bo:;.  Eec-  fur  Bheinhescer: ,  bY  COUklEBX  CF 
Landesbildstelle  Hhld.-Ifalr. 

VOLCANO  Kunckopf,  Germany 


Diatomit  =  highly  porous  sceletons  of  fossil  algae 
FIG  23  b  with  very  low  coefficient  for  heatconduction 
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FIG  2?  ANNUAL  VARIATION  OF  HUMAN  REACTION  TIME 

(50  000  TESTS  BUSING  10  YEARS  IN  TUEBINGEN)  - 

OF  HUMAN  DEATH  HATE  - 

(DEATHS  IN  1950  IN  SOUTHERN  BAVAHIA) 

THE  CONFORMITY  OF  BOTH  CURVES  IMPLIES  ENVIRONMENTAL 
INFLUENCES  /44,  45/ 


DIAGRAM  OF  TIME  OF  REACTION  AND  ELF  (SPHERICS)  f|Q  28 

WITH  40  000  PERSONS  BEING  TESTED, 

118  300  INDIVIDUAL  MEASUREMENTS  1451  ELF  =  Extremely  Low  Frequency 


1953 


«fl 


FIG  29 
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FIG  30 

SCHEMATIC  DIAGRAM  OF  OPTIMAL  FLIGHT  ROUTES  USING  THE  "NATURRAEUME"  CHART  BY  HF.YNEH 
(UHLIG  CHAINS)  WESTERLY  MOIST  AIRFLOW  MILITARY  SITUATION  ASSUMED:;  ORANGE  FORCES  IN 
KREFELD  -  DUESSELDORF  AREA  -  BLUE  FORCES  IN  THE  SOUTH  -  BLUE  AIR  BASES  IN  EASTERN 
FRANCE  -  THE  OPTIMAL  EFFECTIVE  VISIBILITY  RANGE  (TOPOGRAPHICAL  AND  METEOROLOGICAL) 
IN  NW  +  NE  DIRECTION  OCCUR  IN  THE  DELINEATED  AREAS  UNDER  THE  ASSUMED  WEATHER  CON¬ 
DITIONS.  (K.  FRAMES ,  INTEGR.  BEWERTUNGSMODELL  FUER  SICHTVERHALTNIGGE  IM  RAliMEN  DER 
STUD  IE  FUR  ENDPHASENGELENKTE  PANZERPROJEKTILE,.  AWGEOPHYS.  INTERNED  BERICHT  ','j/Uii. 
SEPT.  1979) 
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fig  31 
/89/ 


Proportion  of  subjects  which  have 
reacted  versus  time  for  different 
types  of  displays. 


RE  DUCT- PHENOMENA  CLEARLY  DETERMINES  THE  ALTITUDE  OF  THE  ATTACKING  AEROPLANE 


FIG  3?a 

PROBABLE  SURVIVAL  TIKES  V/S  IMMERSION  TIME  IN  WATER 
(MEAN  MONTHLY  TEMPERATURE  AND  SALINITY  OF  THE  SURFACE  LAYER  OF  THE 
NORTH  SEA  AND  ADJACENT  WATERS  FROM  1905  to  1954,  CONSEIL  PERMANENT 
INTERN.  POUR  L 1  EXPLORATION  DE  La  HER  SERVICE  HYDROGRAPH1QUE  CHAR- 
LOTTENLUND  SLOT,  DANEMARK  1962) 
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5  HOURS 
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Summer 


Vinter 


WARM  AIR  COLD  AIR  SAND  SNOW  .'ROUND  WATER 

1  =>  2  3  =>  s 


FIG  J>4 

ESKERS,  l.e.  DEPOSITS  OF  THE  ICE  AGE  IN  SUB- ARCTIC  AREAS 

WARMTH  WHICH  IS  BEING  STORED  DURING  SUMMER  WILL  BE  SET  FREE  IN  WINTER,  THUS 
INCREASING  TEMPERATURE  ABOUT  MORE  THAN  $C°  C  AND  PROLONGING  SURVIVAL  TIMES  /9VvV 
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Development  in  High  G need  Low  Level  flight  -  The  Pilot's  Viewpoint 

J.  J.  Lee  AFC  BGc,  Gemor  Experimental  Test  Pilot 

British  Aerospace,  Warton  Division, 
Preston,  Lancashire  PR4  1AX,  UK 


Introduction 


In  the  nineteen  sixties  there  was  a  school  of  thought  which  stated  that  'the  fighter  aircraft  had  not 
changed  significantly  since  the  Gecond  n/orld  War'.  Being  a  pilot  on  a  Hunter  Ground  Attack  Squadron  at  tie 
time,  a  role  wmch  almost  exclusively  included  flight  at  high  speed  and  low  level,  the  sagacity  and  truth 
of  this  statement  seemed  particularly  poignant.  This  school  of  thought  became  silent,  Derhaos  extinct  in 
about  1975* 

To  a  large  extent  the  Hunter  represented  the  last  of  a  breed  which  did,  in  fact,  fulfil  the  essence  of 
the  stated  hypothesis.  Its  basic  equipment  fit,  its  armament  and  weapon  aiming  system  had  changed  little, 
if  at  all,  from  the  davs  of  the  Spitfire  and  hosquito.  It  could,  however  operate  m  the  high  speed  low 
level  role  very  effectively  within  certain  constraints. 

The  Tornado,  an  aircraft  development  for  service  in  the  igROs,  represents  a  new  breed  developed  for 
fiignt  at  high  speed  low  level,  having  amongst  its  roles  exactly  t.ie  same  close  support  mission  as  the 
Hunter.  A  comparison  between  the  two  aircraft  and  their  equipment  can  be  made  to  illustrate  the  problems 
associated  with  operating  aircraft  at  high  speed  and  low  level,  and  how  developments  in  technology  have 
overcome  or  minimised  them.  In  so  doing  the  school  of  thought  so  active  and  widely  heard  until  the  late 
sixties,  is  finally  silenced  and  consigned  to  history. 

Mission  Success 


mission  success  is  of 
most  acute.  The  situation 


course  of  paramount  importance  and  at  high  speed  and  low  level  the  problems  are 
can  be  summarised  diagrammatically:- 


( GLIDE) 


Human  Characteristics 
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It  should  be  noted  that  this  schematic  of  aircraft  and  crew  characteristics  will  fit  any  aircraft  in 
any  role,  but  let  us  look  at  the  aircraft  specifically  in  the  high  speed  and  low  level  role.  At  the  bottom 
there  i6  the  block  labelled  Human  Characteristics  which  includes  sensitiveness  tc  stimuli  (tactile,  visual 
and  aural),  reaction  time,  strength/stamina  and  resistance  to  fatigue,  and  adaptability.  Indeed 
adaptability  has  frequently  been  responsible  for  successful  mission  accomplishment  in  the  low  level  role  in 
the  face  of  poor  handling,  performance  and  air  vehicle  design  characteristics.  Pilots  and  crews  have  put 
up  with  a  degree  of  discomfort  to  achieve  mission  success,  but  there  is  an  important  borderline  between 
disco  ntfort  and  distraction  sufficient  enough  to  jeopardise  mission  success  or  aircraft,  safety.  Fatigue  has 
too  taken  its  toll  in  the  hot,  bumpy,  noisy,  high  workload  environment  of  high  speed  low  level  flight. 

Looking  further  up  the  schema  to  requirements  and  scenario,  in  which  the  global  nature  of  the  task  is 
covered,  in  this  case  the  example  of  offensive  support  at  high  speed  and  low  level  in  the  European  theatre 
is  used,  with  the  obvious  influence  of  weather  and  navigation/weapon  guiuance  upon  the  way  in  which  the 
mission  can  be  carried  out. 

Air  Vehicle  Design  Characteristics  describe  the  nature  of  the  aeroplane,  whether  it  is  STOL,  number  of 
engines  (safety  criterion)  number  of  weapon  carriage  stations,  the  type  of  navigation/weapon  aiming  system, 
fixed  or  variable  geometry,  gust  response,  one  crew  or  two  etc. 

Handling,  divided  classically  into  stability  and  control,  and  performance  complete  the  description  of 
the  aircraft/crew  package  and  describe  the  total  capability.  This  total  capability  will  establish  the 
success  of  the  aircraft  m  its  role  and  the  limitations  that  will  have  to  be  taken  into  account  in  military 
service  operations  m  order  to  accomplish  a  successful  mission. 

Human  Factors 

In  the  limited  time  available  I  should  like  to  choose  three  factors  which  relate  directly  to  the 
limitations  in  human  characteristics  in  aviation  terms,  which  enter  into  different  categories  on  the  block 
schematic.  Tnese  are:- 

Weather 

Terrain  Following  Flight 

Aircraft  Handling 

A  comparison  will  be  made  between  the  Hunter  and  the  Tornado  to  show  the  advances  that  have  been 
achieved  in  each  case. 

.v'eather 

Visual  Letereological  Condition  (V1<C)  of  5n.ml  (9km)  (defined  as  a  minimum)  visibility  and  vertical 
separation  from  cloud  of  1500'  max  more  or  less  defined  the  flight  conditions  in  which  a  mission  could  be 
accomplished  in  an  aircraft  like  the  Hunter.  With  practice  at  low  level  flight  the  pilot  could  do  a  little 

better,  beinf  able  to  navigate  and  more  important,  visually  acquire  the  target,  in  a  visibility  of  5%  km, 

provided  that  he  limited  his  sneed  to  360kts  ( Vlkm/minute)  to  give  himself  time  to  recognise  the  terrain  or 
the  target. 

One  important  reason  for  the  corstraint  in  visibility  was  the  lack  of  essential  head-up  orientation 
cues.  With  a  Head-up  display  as  shown  having  a  velocity  s’ector  presentation,  vertical  speed,  altitjde, 
speed  and  heading  the  pilot  only  has  to  refer  head  down  for  fuel  management  and  engine  and  system 
monitoring.  The  HUD  allows  flight  to  be  possible  over  land  up  to  500kts  in  a  visibility  of  At  16km 

per  minute  the  pilot  has  to  be  certain  of  what  is  coming  up  ahead,  and  the  limit  of  the  human 

characteristics  of  recognition/reaction  time  is  reached. 

Altering  the  format  of  the  HUD  *0  this  sort  of  layout  as  in  Tornado  can  improve  basic  safety  and  ease 
the  flying  task.  The  counter-pointer  altimeter  presentation  gives  an  analogue/digital  height  scale  which 
is  more  compulsive  than  a  line  of  digits. 

To  improve  mission  capability  a  further  aid  is  required,  anu  this  is  terrain  following  radar. 

Terrain  Following  Flight 

Flight  at  high  speed  low  level  requires  high  concentration  and  intensive  tra.ning.  It  is  a  lengthy 
costly  exercise  to  train  pilots  to  fly  at  low  level  simply  to  judge  the  altitude  at  which  to  fly.  The  high 

concentration  results  in  loss  of  lookout  (awareness  of  other  aircraft  proxim.ty,  be  they  friend  or  foe)  a 

reduction  in  time  available  to  navigate,  or  to  keep  formation. 

Operational  aspects  such  as  radar  detection  avoidance  (avoidance  of  ballooning  over  ridges  and  cols, 
avoidance  of  climbing  in  turns)  require  the  learning  and  practice  of  special  flying  techniques  in  what  is 
essentially  already  a  high  workload  environment. 

Let  us  see  some  film  taken  from  a  hunter-type  aircraft  over  Scotland. 

Ary  help  that  can  be  given  to  the  pilot  to  reduce  the  workload  by  providing  a  simple  altitude  cue,  an 

optimum  flight  path  over  the  ground  contours  and  if  possible  achievement  of  this  optimum  profile  by 
automatic  pilot  must  be  beneficial.  The  Tornado  provides  a  full  autopilot  and  flight  director  system  (A FdS) 
operating  through  a  terrain  following  radar. 

During  automatic  terrain  following  the  TF  computer  generates  a  theoretical  envelope  in  front  on  the 
aircraft.  This  envelope  ia  shaped  like  a  ski  toe  and  its  exact  shape  and  offset  from  the  aircraft  will 
depend  on  the  selected  clearance  height,  aircraft  speed,  ’ride  comfort'. 
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Terrain  detected  penetrating  this  zero  command  ski  toe  locus  will  cause  the  TF  computer  to  pass  a 
nose-up  command,  proportional  to  the  degree  of  penetration,  to  the  autopilot,  which  in  turn  passes  it  onto 
the  fly  by  wire  control  system.  Alternatively  if  the  terrain  is  detected  well  below  the  zero  command  locus, 
a  pushover  command  is  generated  proportional  to  the  distance  below  the  zero  command  line. 

Let  us  now  look  at  some  film  showing  the  system  in  action.  The  pilot  can  fly  the  aircraft  manually  by 
following  the  Head-up  Display  flight  director,  or  monitor  the  autopilot  operation  which  centres  the 
director  dot. 

This  is  a  tremendous  aid  to  the  pilot,  relieving  him  of  the  most  significant  work  load.  It  also 
provides  an  all  weather  and  night  capability. 

To  set  a  pilot's  mind  at  rest,  if  this  is  at  all  possible  in  IMC  or  night  low  level  high  speed  flight, 
aircraft  handling  must  be  of  the  highest  order  and  thoroughly  consistent  tnrougnout  the  flight  envelope. 

This  leads  to  the  third  factor. 

Aircraft  Handling 

The  application  of  powered  flight  controls  to  an  aircraft  like  the  Hunter  reduced  the  physical 
strength  required  by  the  pilot  to  handle  the  aircraft  to  reasonable  proportions.  A  basic  conventional 
control  system  even  with  autostabilisation  cannot  provide  consistent  handling  qualities  ..t  all  CGs  and  in 
all  configurations.  Alteration  in  CQ  leads  to  a  change  in  pitch  inertia,  stick  force  per  g  and  pitch 
response  characteristics.  Loading  stores  onto  the  wings  leads  to  increased  roll  inertia,  reduction  in 
roll  response  and  roll  power  and  perhaps  imposes  extra  limitations  on  handling. 

The  pilot  would  prefer  consistent  handling  and  aircraft  behaviour  and  this  in  Tornado  is  provided  by 
the  fly-by-wire  control  system  incorporating  the  principle  of  manoeuvre  demand.  About  all  axes  and  at  all 
loadings  the  pilot  obtains  a  consistent  control  response  and  rate.  The  slide  shows  maximum  roll  rates  in 
stores  configurations  as  a  function  of  hach  Humber  and  wing  sweep. 

The  fly-by-wire  system  guarantees  that  the  aircraft  will  always  handle  in  a  predictable  way,  will  be 
consistent,  and  in  this  way  workload  is  reduced  to  a  minimum. 

Summary  and  Conclusions 

Great  strides  have  been  made  in  aviation  technology  during  the  last  1-jr  decades  leading  to  significant 
benefits  to  high  speed  low  level  flight.  The  aim  has  been,  and  should  always  be,  to  improve  the 
possibility  of  accomplishment  of  a  successful  mission.  In  essence  the  'Human  Characteristics'  of 
sensitiveness  to  stimuli,  reaction  time,  strength/stamma  and  adaptability  have  remained  virtually 
unchanged  in  evolution  terms  and  will  no  doubt,  at  normal  mutation  rates,  be  very  much  the  constant  at  the 
bottom  of  the  equation.  Given  the  requirements  of  the  mission  and  the  scenario,  the  areas  where 
development  can  be  applied  to  improve  mission  success  still  further  remain  firmly  in  the  fields  of 
Performance,  Handling,  Guidance/Navigation  and  that  catch-all  heading  'Vehicle  Design  Characteristics'. 


4-1 


BIOTECHNOLOGY  CHALLENGES  PBESENT  IN  OPERATIONAL  HIGH-SPEED  LOW-LEVEL  FLIGHT 

Colonel  Roy  L.  DeHart,  USAF,  MC,  CFS 
Commander,  Aerospace  Medical  Research  Laboratory 
Aerospace  Medical  Division,  Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio  45433 
USA 


SUMMARY 

Currently,  the  United  States  Air  Force  is  operating  aircraft  requiring  exacting  crew  performance  in  the  highly 
stressful  environment  of  High-Speed  Low-Level  (HSLL)  flight.  The  strategic  role  of  the  B-52  in  avoiding  surveillance 
radar  requires  a  mission  profile  of  low  level  operation.  The  F-lll  performing  its  tactical  and  strategic  roles 
employs  terrain-following  techniques  similar  to  the  B-52  but  with  the  important  technical  difference  of  automation 
control.  A  third  mission  scenario  requiring  HSLL  flight  involves  the  new  tactical  support  aircraft,  flie  A-10,  in  its 
principal  anti-armor  role.  Little  information  has  appeared  in  the  aeromedical  literature  in  the  past  five  years  con¬ 
cerning  operational  stressors  in  this  flight  regime.  Interviews  with  operational  crews  flying  these  missions, 
observations  from  the  aeromedical  teams  supporting  the  crews,  and  current  research  investigations  relevant  to  the 
stresses  of  these  flight  regimes  form  the  data  base  upon  which  this  paper  is  based. 


INTRODUCTION 

Aircrew  performance  in  the  aerospace  environment  is  recognized  as  a  demanding  task.  The  most  demanding 
flight  regime  requiring  constant  vigilance,  rapid  but  measured  control  input,  and  adaptability  to  a  wide  variety  of 
environmental  stresses  is  High-Speed  Low-Level  (HSLL)  flight.  Such  demanding  flight  profiles  are  not  new  to  the 
military  aviator.  Missions  requiring  relatively  low  level  flight  and  the  maximum  speed  available  of  the  day  have 
been  required  of  the  military  aviator  since  the  1920s.  More  demanding  flight  regimes  in  terms  of  critical  time  to 
respond  to  dynamic  changes  in  the  environment  were  evident  during  World  War  II  when  combat  aircraft  flew  in 
combat  at  altitudes  below  100  feet  terrain  clearance  at  speeds  approaching  350  knots.  Following  WW  H,  aeromedical 
interest  waned  with  regard  to  consideration  of  the  HSLL  flight  regime.  Approximately  two  decades  ago,  with  the 
concern  for  survivability  of  strategic  aircraft  in  high-threat  radar  surveillance  environments,  multi-stress  effects 
on  aircrew  performing  in  sustained  HSLL  flight  again  became  an  interest  of  the  flight  surgeon.  This  ebb  and  flow  of 
medical  interest  for  the  concerns  of  the  aviator  in  this  demanding  flight  environment  is  clearly  evident  with  review  of 
recent  aeromedical  literature.  In  the  mid-1960s  concern  for  the  aircrew  members  on  a  typical  low  level  B-52  or 
B-58  flight  sparked  numerous  publications  related  primarily  to  various  aspects  of  vibration.  Other  publications 
addressed  the  problems  of  fatigue,  manual  control,  visual  acuity,  and  thermal  loading  in  HSLL  flights.  Medical 
investigations  addressing  this  type  of  mission  began  to  wane  by  the  early  1970s.  A  review  of  the  aeromedical  litera¬ 
ture  for  the  period  1972  through  September  1978  revealed  a  sparsity  of  references  primarily  addressing  aeromedical 
problems  associated  with  HSLL  flight. 

Currently,  the  United  States  Air  Force  is  flying  a  variety  of  combat  aircraft  requiring  exacting  crew  performance 
in  the  highly  stressful  environment  of  HSLL.  The  strategic  role  of  the  B-5?  in  avoiding  surveillance  radar  requires 
a  low  level  mission  profile.  The  F-lll  and  FB-111  perform  tac.ical  and  strategic  roles  employing  terrain-following 
techniques  similar  to  the  B-52  with  the  important  technical  difference  of  automation.  A  third  mission  scenario 
requiring  high-speed  low-level  flight  involves  the  new  tactical  aircraft,  the  A-10,  in  its  principal  anti-armor  role, 
a  potentially  high  stress  combat  environment.  Although  each  aircraft  may  impose  singularly  unique  stresses  on  its 
crew,  there  are  general  similarities  common  to  the  overall  HSLL  mission. 

THE  COMBINED  STRESS 

In  a  review  of  this  subject  in  1971.it  was  stated:  "The  basic  problems  in  low  altitude,  high  speed  flight  do  not 
center  around  life-threatening  environments  or  psychological  stress  clearly  affecting  the  crewmember's  performance 
as  the  control  center  of  the  weapon  system."  With  the  experience  of  HSLL  missions  in  the  intense,  threat,  combat 
environment  of  North  Vietnam,  the  validity  of  the  statement  must  be  questioned,  and  considering  operational  exercises 
involving  the  A-10  the  question  of  a  life-threatening  environment  and  its  direct  and  indirect  effect  on  man  as  the 
control  center  of  the  weapon  system  becomes  a  major  concern.  Mere  observation  establishes  that  the  aircrew  mem¬ 
ber's  task  becomes  ever  more  demanding  with  increasing  speed  and  decreasing  altitude  and  with  the  growing  complexity 
of  the  weapons  system  he  must  operate.  The  margin  for  error  is  ever-narrowing  while  simultaneously  the  probability 
of  operator  overload  increases.  The  adequacy  of  man-machine  integration  has  never  been  more  tested  than  in  the 
current  case  of  sophisticated  aerospace  weapons  systems  operating  in  the  narrow  flight  envelope  of  high-speed,  low- 
level  flight  under  combat  conditions. 

Numerous  stressors,  both  physiological  and  psychological,  impair  the  crewmember  singly  or  more  commonly 
in  combination.  It  is  important  for  the  aeromedical  specialist  to  appreciate  the  single  stressor,  yet  more  important 
is  the  synergism  and  interaction  of  these  stressors  as  they  act  on  the  crewmember  to  produce  combined  stress 
compromising  the  opportunity  for  optimal  performance.  Some  aircraft  are  flying  mission  profiles  for  which  thev 
were  not  originally  designed  and  consequently  the  environmental  control  system  is  inadequate  to  meet  the  thermal  load 
of  low  altitude.  Sustained  in-flight  temperatures  in  excess  of  43°  Celsius  have  been  measured  at  crewstations.  The 
requirement  for  constant  vigilance  reduces  the  opportunity  for  fluid  intake,  thus  increasing  the  chances  for  subtle 
dehydration  when  the  crewmember  is  experiencing  prolonged  thermal  loading.  Meteorological  and  topographical 
conditions  can  combine  to  produce  significant  turbulence  translated  as  buffet  or  vibration  biodynamic  force  acting  on 
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the  aircrew  member.  Both  the  aircraft  and  crew  experience  vertical  and  lateral  acceleration  components  In  this 
turbulent  environment.  Although  cockpit  acceleration  spectra  contain  little  energy  above  10  Hz,  gust  levels  ranging 
from  .2  to  2.2G  are  frequently  experienced.  Although  not  common  in  the  strategic  mission,  linear  acceleration  can 
be  a  stress  of  some  magnitude  in  the  tactical  environment.  Commonly,  linear  accelerative  forces  of  5  to  7  G, 
with  up  to  5  G  per  second  onset  repeated  many  times  over  30  minutes,  are  experience  by  crewmembers  in  A-10 
operations.  Linear  acceleration  combined  with  gusts  and  vibration  reduce  human  tolerance  to  combined  accelerative 
forces.  Vibration  further  induces  a  number  of  unfortunate  side  effects  such  as  difficulty  in  reading  and  interpreting 
instruments,  inability  to  accurately  conduct  map  navigation,  compromising  verbal  communications,  and  serving  as  a 
major  contributor  to  motion  sickness.  To  this  already  complex  combined  stress  envelope,  the  aircrew  member  may 
be  required  to  contend  with  overall  sound  pressure  levels  at  the  crew  position  in  excess  of  115  dB.  Within  this 
complex  stress  environment,  the  aircrew  member  is  expected  to  perform  precisely,  innumerable  tasks  related  to 
weapons  systems.  In  one  case,  32  individual  control  or  selection  tasks  must  be  performed  within  180  seconds  in  a 
combat  environment.  In  addition,  the  aviator  is  expected  to  maintain  outside  vigilance  for  enemy  aircraft,  ground 
defense  systems,  targets  of  opportunity,  navigation  way  points,  friendly  forces,  both  in  the  air  and  on  the  ground, 
and  all  of  this  in  a  visual  environment  reduced  by  haze,  smoke,  and  clouds.  Thus  we  see  the  a  'crewman  forced  to 
perform  ever  more  precisely  and  skillfully  in  an  environment  which  compromises  all  of  his  senses,  diminishes  his 
powers  of  concentration,  overloads  his  cognitive  ability,  and  reduces  his  physiological  tolerance. 

OPERATIONAL  CONDITIONS  AND  AEROMEDICAL  CONCERNS 

The  stressors  described  impinge  on  the  crewmembers  of  the  B-52,  the  FB-111,  and  the  A-10  in  varying  degrees, 
differing  not  with  regard  to  the  flight  envelope  per  se  as  much  as  in  the  characteristics  of  the  aircraft,  the  crew- 
station,  and  the  mission.  (At  this  point  in  the  presentation  a  silent  3-minute  film  will  b*»  shown  illustrating  various 
aspects  of  the  operational  characteristics  of  each  of  the  three  aircraft  under  consideration.  The  first  segment  of 
the  filmstrip  will  show  the  B-52  on  a  low  level  mission  experiencing  moderate  buffet  and  turbulence.  The  second 
filmstrip  will  be  an  out-the-windov  view  of  an  automatic  terrain-following  flight  of  an  FB-111.  The  third  segment 
will  contain  protions  of  the  JAWS-2  exercise  involving  the  A-10  in  its  low'  altitude  anti-armor  tactical  role.  The 
three  segments  are  film  clips  which  have  been  taken  from  full-length  narrative  films  which  are  cleared  for  public 
release.) 

The  Air  Force  has  its  greatest  experience  in  the  high-speed  low-level  flight  regime  with  training  missions  of 
B-52s  perfecting  radar  avoidance  techniques.  The  aeromedical  concerns  of  this  aircraft's  flight  profile  and  its 
effects  on  the  crew  is  the  first  topic  with  which  we  will  deal.  Although  the  avionics  suite  aboard  the  B-52  varies 
with  the  model,  the  training  flight  profile  for  FSLL  is  essentially  the  same.  Typically  the  terrain  clearance  altitude 
is  500  feet  during  daylight  operation  and  raises  to  800  feet  in  non-mountainous  terrain  at  night.  Airspeed  is  main¬ 
tained  between  325  and  350  knots  with  a  low  altitude  leg  duration  of  1  to  2  1/2  hours.  These  parameters  define  the 
training  envelope  but  it  must  be  realized  that  under  operational  conditions  the  permissible  altitudes  may  very  well  be 
low  r  and  the  speeds  where  feasible  higher.  Currently  the  B-52  em->’oys  an  electro-visual  terrain  avoidance  system 
that  depends  on  manual  control  of  the  flight  by  the  pilot.  The  navigator  maintains  obstacle  clearance  responsibilities 
using  both  radar  and  precision  tracking  on  navigational  maps.  Aeronautical  hazards  such  as  tall  structures,  radio 
ante  nas,  and  power  lines  must  be  avoided  employing  way-point  navigation.  The  radar  operator  uses  the  greater 
range  of  his  scope  for  general  navigation  permitting  a  15-20  mile  sweep  ahead  of  this  flight  regime  ano  consequently 
thermal  control  in  high  heat  environments  is  poor.  Heat  loading  consequently  contributes  to  fatigue,  discomfort,  and 
potential  dehydration.  Increasing  the  ram  air  to  improve  air  circulation  cone  mitantly  increases  significantly  the 
cabin  noise  level.  Flights  in  hilly  or  mountainous  terrain  or  in  areas  of  wide  temperature  differential  can  result  in 
moderate  vibration  and  gusts.  Sudden  aircraft  excursions  of  +15  feet  are  not  unusual;  thus  the  crew  must  be  tightly 
restrained  by  seat  belt  and  shoulder  harness.  Missions  are  normally  aborted  in  severe  turbulence,  defined  as  uncon¬ 
trolled  aircraft  movement.  Mission  cancellations  may  occur  in  situation:  where  40  knots  or  higher  winds  are 
reported  in  mountainous  areas.  During  periods  of  high  vibration  the  navigator  is  unable  to  read  a  typical  aeronautical 
chart  and  must  depend  solely  on  the  radar  display.  The  physical  workload  on  the  pilot  and  co-pilot  can  be  extreme 
in  the  constant  battling  to  maintain  narrow  altitude  tolerances. 

High  thermal  loads,  vibration,  and  attempts  to  read  aeronaut'eaf  charts  contribute  to  motion  sickness.  In  the 
past  this  has  been  a  particularly  significant  problem  ir.  B-52  navigator  wastage.  A  significant  reduction  in  wastage 
due  to  motion  sickness  has  been  achieved  by  reducing  the  time  lag  between  navigator  or  electronic  warfare  officer 
training  and  subsequent  assignment  to  crews.  This  permits  tolerance  established  during  training  to  be  transitioned 
directly  into  operational  crew  duties.  Interview  techni  yes  employed  with  B-52  crews  as  well  as  monitoring  the 
intercom  channel  clearly  establishes  increased  tension,  irritability,  an :  anxiety  among  the  crew  during  HSLL 
missions.  The  crew  »  ognizes  the  thin  margin  for  error,  and  as  a  consequence  communications  remain  strictly 
business.  The  psycho,  -gical  stress  operating  minimum  altitude  clearance  of  400  feet  for  parachute  deployment,  a 
luxury  which  very  well  might  not  lie  available.  The  toll  of  this  multi- stress  environment  on  the  crew  can  best  be 
placed  In  context  when  compared  to  a  high  alt;+  de  mission  of  similar  duration.  Universally,  crewmembers  inter¬ 
viewed  described  the  HSLL  mission  leg  as  fui  more  fatiguing. 

The  mission  of  the  FB-111  may  parallel  that  of  the  F.-52.  However,  the  crew  composition  and  cockpit  environ¬ 
ment  are  significantly  different.  The  FB-111  flight  profile  under  usual  conditions  is  typically  400  feet  at .  63  to  .  73 
macn  (420-480  knots).  At  nighttime,  in  non-mountainous  terrain,  the  altitude  will  approach  1000  feet.  Unlike  the 
B-52,  there  is  a  totally  alternated  terrain-following  mode  for  the  FB-111.  Typically,  the  on-board  radar  will 
Identify  changing  terrain  features  10  miles  in  front  of  the  aircraft's  track.  At  six  miles  the  computer  will  calculate 
the  dynamics  of  the  flight  pa'h;  at  two  miles  from  the  change  in  terrain  feature,  the  aircraft  controls  will  automatically 
react.  The  terrain-following  system  is  displayed  such  that  constant  monitoring  is  possible.  In  addition  to  the 
terrain-following  radar  display,  the  aircraft's  pitch  and  roll  may  be  superimposed  for  instant  reference.  To 
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supplement  the  visual  presentation,  audio  indications  are  available  to  the  pilot.  During  climb  there  is  both  an 
increasing  frequency  of  beeps  and  an  increasing  tone.  The  frequency  of  beeps  is  proportionate  to  the  rate  of  climb. 
Likewise  during  descent  the  frequency  decreases  as  does  the  tone.  The  two-man  crew  is  constantly  task-loaded: 
the  right-seater  performing  navigation  checks  and  way  point  estimations;  the  left-seater  monitoring  aircraft 
performance  and  maintaining  vigilance  on  the  terrain-following  system.  Universally,  crews  cited  the  need  for  even 
more  automation  of  the  aircraft's  system  to  permit  heads-up,  out-of-the-cockpit  surveillance.  In  a  high  threat 
combe ‘  environment  the  pilot  must  maintain  outside  visual  surveillance  and  reference.  Improvement  in  the  automated 
terrain-following  system  by  increasing  the  permissible  bank  angle  from  10°  to  30°  has  improved  both  the  survivability 
and  the  flexibility  of  the  weapon  system.  The  aerodynamic  features  and  the  speed  of  the  aircraft  both  contribute  to 
reduce  the  vibration-induced  stress  on  the  aircrew  and  it  is  not  considered  a  problem  of  consequence.  Crews  on 
occasion  have  experienced  disorientation  resulting  fro  n  the  confusion  of  ground  lights  and  star  background.  Crew 
familiarity  with  this  hazard  through  briefing  appears  ta  be  an  effective  preventive  measure.  Another  feature  of 
night  missions  not  previously  identified  leading  to  visual  confusion,  disorientation,  and  possibly  flicker  vertigo  is 
reflection  of  the  anti-collision  strobe  light  from  highly  reflective  ground  surfaces  such  as  snow.  A  hazard  to  the 
FB-111  crew  which  has  resulted  in  aircraft  loss  and  fatalities  has  been  birdstrike.  The  Air  Force  currently  has 
mustered  a  major  program  to  solve  this  problem.  In  the  interim,  the  crews  brief  birdstrike  procedures  prior  to 
each  HSLL  mission.  Simply  stated,  in  case  of  a  birdstrike  and  the  loss  of  the  windscreen,  the  terrain-following  auto¬ 
mated  feature  of  the  aircraft  will  be  engaged  until  such  a  time  as  the  aircraft  can  be  decelerated  and  the  situation 
analyzed.  This  is  perhaps  the  most  complimentary  statement  to  be  made  regarding  the  automated  terrain-following 
feature.  Crews  praise  the  reliability  of  the  system  and  are  confident  of  its  performance.  Significantly,  night  flying 
missions  are  more  precise  and  are  considered  less  dangerous.  This  appears  to  be  due  to  the  dependence  on  the 
automated  system  and  cross-reference  with  the  altitude  radar  rather  than  visually  misjudging  altitude  above  the 
ground.  The  heads-up  display  is  reported  as  satisfactory;  however,  there  are  times  when  excessive  information  is 
portrayed.  This  can  result  in  clutter  on  the  combining  glass,  reducing  see-thru.  Hie  environmental  control  system 
for  the  cockpit  is  excellent  and  excessive  thermal  loads  have  not  been  experience  in  operations  even  in  the  southwest 
United  States.  Structurally  the  cockpit  has  poor  outside  visibility.  It  is  difficult  for  the  crewmember  to  have  full 
right-to-left  and  down  viewing.  The  location  of  some  of  the  dials  and  switches  such  as  the  air  conditioning  system 
and  the  IFF  require  the  pilot  to  turn  his  head  in  order  to  operate.  This  can  be  particularly  hazardous  during  angular 
acceleration  and  could  contribute  to  coriolis.  Excessive  operation  of  the  master  caution  light  usuall)  triggered  by 
exceeding  the  terrain-following  system  limits  requires  the  pilot  to  look  back  into  the  cockpit  to  resolve  the  problem 
and  may  lead  to  momentary  but  significant  distraction.  It  is  a  common  opinion  among  the  FB-111  crews  that  the 
mission  is  at  minimum  a  two-man  job  and  workload  and  task  performance  would  be  overwhelming  for  one  individual. 

Low  altitude  operation  of  the  A-10  in  its  tactical  mission  is  of  short  duration  but  of  intense  work-load.  The 
aircraft  >s  frequently  below  100  feet,  flying  between  200  and  300  knots.  In  performing  a  tactical  mission  401  to  601 
of  the  time  will  be  spent  under  500  feet.  A  typical  mission  from  takeoff  to  recovery  w  ill  be  1  1/2  to  2  hours.  During 
a  recent  sortie  surge  exercise,  six  tactical  missions  per  day  were  flown  for  a  period  of  3  days.  The  cockpit  environ¬ 
ment  is  comfortable  in  terms  of  thermal  control  and  acoustic  isolation  except  in  areas  of  high  heat  load.  Although 
the  main  fire  power  of  the  aircraft  is  a  large  Gatling-type  cannon,  vibration  and  noise  are  at  a  minimum.  The  cockpit 
layout  with  regard  to  instruments  and  controls  is  adequate  although  the  heads-up  display  is  limited  by  field  of  view. 
Figure  1  illustrates  a  typical  flight  profile  for  a  training  mission.  The  graph  portrays  airspeed,  altitude  above 
terrain,  accelerative  forces,  and  flight  duration.  The  high  threat  environment,  low  altitude,  and  high  maneuver¬ 
ability  as  exemplified  by  a  1300  foot  radius  of  turn  dictates  that  the  pilot  maintain  a  vigilant  eyes-out-of-the-cockpit, 
heads-up  posture.  It  is  imperative  for  successful  missions  and  for  general  safety  that  information  required  by  the 
pilot  be  presented  in  a  format  not  requiring  his  attention  within  the  cockpit.  Information  formatting  could  be  oral  or 
visual.  Realistic  training  conducted  in  marginal  weather  conditions  has  demonstrated  the  need  for  an  inertial  naviga¬ 
tion  system,  freeing  the  pilot  from  the  current  high  task-loading  requirements  of  navigational  pilotage. 

DISCUfSION 

It  has  been  previously  reported  low  altitude  high  speed  flight  does  not  involve  problems  of  physiological  tolerance 
but  rather  alterations  in  pilot  effectiveness  through  overload  and  response  to  a  general  stress  syndrome,  increasing 
fatigue  with  increasing  periods  of  exposure.  Vibration,  at  one  time  ranked  as  the  primary  stressor  on  the  aircrew-man 
performing  IISLL  missions,  has  now  become  less  a  concern  as  different  aircraft  enter  the  inventory  and  the  mission 
of  low  level  flight  changes.  The  popular  concept  that  pilots  were  unwilling  to  relinquish  control  to  automatic  systems 
can  now  be  delegated  to  history  as  the  systems  become  proven  with  experience  and  earn  the  confidence  of  the  aircrew 
member. 

There  exists  a  common  technology  need  requiring  contributions  from  the  aerospace  medical  practitioner  which 
becomes  evident  in  discussing  the  aircraft  in  their  respective  HSLL  combat  missions.  Continued  development  of 
automated  systems  integrating  components  within  the  cockpit  affecting  aircraft  controls  and  weapons  delivery  systems 
is  required.  The  specialist  in  aerospace  medicine  must  ensure  that  sophisticated  systems  do  in  fact  offload  peripheral 
tasks  of  the  pilot  and  increase  his  performance  and  abllttv  to  successfully  accomplish  the  mission  in  a  high  threat 
combat  environment.  In  addition,  it  is  evident  opportunities  are  available  for  biotechnology  to  improve  or  develop 
systems  providing  required  Information  to  the  aircrew  member  in  a  method  or  format  which  permits  him  to  remain 
heads-up  and  eyes-out-of-the-cockpit.  The  mission  requirements  are  clear.  Aircraft  survivability  dictates  a  low 
level  flight  envelope.  The  aeromedical  community  is  charged  with  the  obligation  to  widen  the  margin  between  safety 
or  disaster,  mission  success  or  failure,  victory  or  defeat. 
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RESUME 

Le  vol  a  basse  altitude  grande  vitesse  eet  susceptible  de  crder 
dans  certains  cas  pour  lee  pilotes  des  conditions  ddpaeaant  lea  linites 
de  tolerance.  Lee  facteure  physiques  de  l'environnement  ont  fait 
l'objet  de  nombrsuaes  etudes  ainsi  que  leurs  consequences  sur  lea 
performances.  Une  prevision  du  temps  de  tolerance  b  partir  du  stockage 
de  chaleur  eet  presentee  et  diacutee.  Ella  met  an  evidence  le  rftle 
important  Joue  par  l'hygrometria  de  l'air  et  l'activite  physique  du 
pilote.  La  prevention  de  ces  inconveniante  climatiques  ndcessite  l'uti- 
lisation  de  moyens  relativement  simples  b  mettre  en  oeuvre  avsnt  le 
vol.  En  cours  de  vol  slle  implique  d'avoir  dtd  prdvue  lore  de  la  con¬ 
ception  des  avions. 


Lo  vol  b  grande  vitesse  et  baase  altitude  soumet  le  pilote  b  de  nombreuses  contraintes,  entre 
autrea  dans  certains  caa  b  une  contrainte  thermique  plus  ou  raoins  importante.  Ceci  tient  au  fait 
que  lee  systbmes  de  climatisation  des  avionat  satisfaisant  en  altitude,  ne  le  sont  plus  au  voisi- 
nage  du  aol,  quand  la  temperature  et  l'hygromdtrie  de  l'air  sont  dlevdes.  Dans  ces  conditions,  on 
court  le  risque  de  voir  apparattre  une  deterioration  des  capacites  peycho-sensori-motricee  des 
pilotea,  ce  qui  eat  particulibrement  prd judiciable  dans  ce  type  de  vol.  L'eetimation  de  ce  risque 
et  aa  prevention  ont  fait  l'objet  de  trbe  nombreux  travaux  d’un  point  de  vue  general.  Lee  donndee 
apScifiquBB  aux  aviona  de  combat  aont  beaucoup  plus  restreintes.  Quoiqu'il  en  eoit,  il  eat  actuel- 
lemant  possible  de  ae  fairs  une  idde  relativement  precise  de  ce  facteur  de  risque.  Les  notions  eur 
ce  problbme  sont  ragroupeea  soua  3  rubriquee  principales  : 

-  evaluation  de  1' ambiance  thermique 

-  evaluation  de  la  tolerance  humaine 

-  amelioration  de  la  tolerance. 

Un  developpement  original  sera  conaacre  b  la  prevision  de  la  tolerance  b  partir  du  stockage 
thermique. 


1.  EVALUATION  DE  L 'AMBIANCE  THERMiqUE. 

La  contrainte  thermique  revlt  de  multiples  cauaes  t 

-  avion  aurchauffe  par  un  long  sejour  eur  un  parking  ensoleilie, 

-  air  chaud  et  humide  en  basae  altitude, 

-  rayonnement  aolaire  at  effet  de  eerre  du  cockpit, 

-  echauffemant  aerodynamique  qui  commence  b  fairs  sentir  sea  effets  pour  des  vitesses  voisinee 
du  aach, 

-  echauf foment  par  eiectronique  de  bord  d'eutant  plus  important  que  los  aides  b  la  navigation 
aont  devaloppees, 

-  production  calorique  du  pilote  qui  eat  plus  dlevde  que  dans  la  plupart  des  autres  conditions 
de  vol  en  raison  de  la  difficult*  du  pilotage  et  des  contraintes  particulibres  b  cette  situa¬ 
tion, 

-  port  d'dquipementa  glnant  pour  la  thermolyae  tela  que  vStementa  anti-G,  enfi-flack,  anti- 

imaersion,  de  protection  centre  lea  gaz  de  combat  etc . 

1-1  L'attente  au  aol.  gdndralement  en  conditions  d'alerte  doit  8tre  priae  en  consideration,  car 
ells  fixe  lee  conditions  tharmiquea  lnitiales.  Ainai  HOUDAS  et  COLIN  (')  ont  obaervd  pour  dee  tempe¬ 
ratures  ambiantae  moyennement  chaudes  (Ta  =  25,2°C),  male  avec  rayonnement  aolaire  intense,  une  tem¬ 
pdrature  b  l'intdrieur  du  cockpit  trbe  dlevde,  la  tempdrature  abche  atteignant  32,6°  C  et  la  tempd- 
rature  globe  50°C.  Par  tampa  trbe  chaud  (Ta  *  37,5°C),  et  fort  ensoleillement,  la  tempdrature  abche 
dans  la  cockpit  dtait  de  50°C  et  la  tempdrature  globe  de  60°C. 

Da  la  m8me  fagon,  NUNNELEY  et  MYRKE  (2)  obeervant,  dans  certainea  conditions,  au  bout  d'una 
haure  d'attente  au  aol  an  plain  eoleil,  une  tempdrature  abche  supdrieure  b  50°C  et  une  tempdrature 
globe  aupdrieure  b  65°C,  ce  qui,  coapte  tenu  de  I'huslditd,  permet  de  calculer  un  index  WBGT  aLpdrieur 
b  36 °C. 

1-2  Un  certain  nombra  de  donndae  ont  permia  d'apprdcier  lee  conditions  climatiques  en  vol.  Ainai, 
dana  un  travail  antdrieur  (3),  l'dvaluation  de  la  charge  thermique  par  rayonnement  avait  dtd  tentde 
b  bord  d'un  avion  MIRAGE  III  8  b  l'aide  d'un  "Steradlometer" .  Cat  appareil  conatitud  d'une  sphbre 
pourvue  de  34  captaura  (diaquea  de  platine  noircls,  b  la  face  postdrieure  deaquela  ae  trouvent  les 
thermocouples  placda  an  sdria),  rdaliae  un  modble  dtalonnd  de  fagon  b  indiquer  ce  que  regoit  un  hom- 
me  par  m2  de  surface  ccrporelle  loraque  cette  surface  est  b  32°C.  Des  assures  effectudes  du  sol 
juequ'b  50  000  pieda,  saulea  ont  dtd  retenuea  celles  effectudes  au  sol  (250  pieds)  b  10  000  piede  et 
b  titre  de  coaparalaon  su-dssaua  de  40  000  pieds.  Les  essaie  ont  dtd  rdalisde  3  Jours  consdcutife 
lee  6,  7  at  8  septembre,  l'avion  faiaant  un  circuit  de  36Q  degrds  efin  de  recevoir  le  eoleil  auccee- 
aiveaant  sous  toue  les  angles.  Lea  rdaultata  aont  prdsentde  aur  la  figure  1.  11a  montrent  que  la 
charge  tharmique  radianta  aa  aitue,  dana  la  zone  qui  noue  interease,  e'eat-b-dire  du  sol  b  10  000 
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pieda,  antre  100  &  200  Uatts/m2  an  moyenne.  II  exieta  une  certaine  hdtdrogdnditd  lids  b  l'asymdtrie 
da  la  poaltlon  du  capteur  a  l'intdrieur  da  la  cablne.  On  peut  auppoaer  qu'b  d'autres  pdriodes  da 
l'annde  (juin,  Juillet,  aoQt),  au  milieu  da  la  journda  at  par  ciel  clair,  ces  ualeurs  seraient  plus 

dlsvdea. 

La  aurface  corporalle  expoade  au  rayonnement  aolaire  eat  relativement  modeste,  maia  dans  tous 
lea  caa  la  t8te  eat  concarndef  ce  qui  aat  un  facteur  ddfavorable  pour  la  toldrance.  La  mi.e  au  point 
da  aystbmes  da  me8ura  miniaturiad8  (4)  (5)  a  permia  da  multiplier  aiadment  lea  enregistrements  a  bord 
dee  adronaf8,  da  la  tempdratura  sbche,  la  tempdrature  globe,  l'humiditd,  la  vitesse  da  ddplacement 
da  l'air  at  la  preaaion  baromdtrique. 

ALLAN  at  COLL  (6)  dans  das  vola  b  bassa  altitude,  par  de8  tampdratures  extdriaurea  peu  dlevdee 
ont  montrd  lea  relation8  antra  la  tempdrature  da  l'air  at  las  conditiona  climatiquea  a  l'intdrieur 
du  cockpit.  A  cette  occasion,  ila  estiment  qua  tant  qua  la  tempdrature  extdrieure  ne  ddpaase  pas 
25°C  on  raate  dans  la  zone  "prescriptive"  da  Lind,  c'est-b-dire  cells  oti  la  thermordgulation  ne  pose 
paa  da  problbmes  particuliers . 

Cet  ensemble  de  donndas  ,  u  dtd  &  l'origine  de  comparaisons  entre  lea  conditions  ambiantes  et 
celles  rbgnant  &  l'intdrieur  des  adronefs.  A  l'aide  dee  rdaultats  de  HARRISON  et  Coll  (7)  et  moyen- 
nant  certainea  approximations,  STRIBLEY  et  NUNNELEY  (B)  dtabliasent  un  index  de  contrainte  thermi- 
que  sur  avion  de  combat  (F.I.T.S.  :  Fighter  Index  of  Thermal  Stress)  qui  est  l'dquivalent  de  1 'in¬ 
dex  UBGT  dona  la  cockpit.  L'intdrSt  du  F.I.T.S.  est  qu'il  ndceaaite  aeulement  deux  mesures  b  l'ex- 
tdrieur,  lea  tempdraturea  abche  (Tdb)  at  humide  (Tub)  au  lieu  des  trois  mesurea  utilisdes  pour  le 
UBGT,  tempdrature  globe,  sdche  at  humide,  caa  derniarea  devant  6tre  effectudea  dans  le  cockpit. 
L'dquation  permettant  le  calcul  de  ce  nouvel  index  eat  la  auivante  : 

F.I.T.S.  =  0.8281  Tufa  +  0,3549  Tdb  +  ft  (1) 

Le  terme  ft  permet  une  correction  an  fonction  de  l'ensoleillement.  II  est  de  5,08°C  au  soleil 
et  2,23°C  par  temps  moyennement  couvert. 

Cette  approche  ,  malgrd  certaines  approximations,  reprdsente  done  un  moyen  particulibrement 
simple  de  prdviaion  des  conditions  climatiquea  dans  la  cabine. 

2.  TOLERANCE  HUPIAINE. 

II  e'agit  d'un  problems  trbs  pratique  qui  a  auacitd  de  trbs  nombreux  travaux.  La  toldrance  peut 
6tre  dvalude  soit  d'aprbs  dee  critdres  thermiquea  phyaiologiques ,  aoit  d'aprbs  lea  caractdriatiquea 
de  1' ambiance. 

2-1  Las  critbres  physiologiqueB  n'ont  pas  taua  la  m8me  valeur  dana  le  cas  du  pilotage  d'un  adro- 
nef.  flinei,  en  ce  qui  concerns  la  Tempdrature  ractaie.  il  a  dtd  montrd  qua  l'homme  pouvait  continuer 
&  8tro  actif  pendant  un  temps  1 imitd  b  39°C.  Par  contra,  lea  performances  paycho-aeneoriellee  aont 
diminudes  avant  ce  seuil .  La  toldrance  aux  autrea  facteurs  agieaaifs  du  vol  tels  que  lee  accdldrationa 
est  dgalement  diminude  bien  avant  (9).  En  fait,  compte  tenu  de  la  durde  relativement  brbve  de  la 
plupart  des  vole  basae  altitude  et  compte  tenu  de  la  lenteur  de  l'dvolution  de  la  tempdrature  rec- 
tale,  ce  parambtre  ne  noua  eemble  paa  6tre  un  bon  critbre.  La  Tempdrature  cutande  est  beauooup  plus 
sensible,  et  conatitue  un  excellent  index  pour  apprdcier  le  confort,  celui-ci  dtant  obtenu  lorsque 
la  tempdrature  cutande  moyenne  (Tgk)  est  de  34°  i  1°C,  avec  une  rdpartition  humogbne  sur  la  surface 
du  corps.  Concernant_la  toldrance  proprement  dite,  I AF1PIETR0  (10)  considbre  que  celle-cr  est  de 
deux  heuree  lorsque  Tgk  est  da  37°C.  a  i  g  lb  auasi  il  est  vraisemblable  qua  cette  tempdrature  cuta¬ 
nde  correspond  b  un  dtat  thormique  du  corps  compatible  avec  le  maintien  des  performances  du  pi¬ 
lots.  De  plus  notamment  en  cas  d'ensoleillement  intense,  il  exists  une  certaine  hdtdrogdnditd  avec 
des  tempdraturea  dlevdes  au  niveau  de  la  t8te  et  de  la  poitrine  (2,11).  Lea  consdquencee  de  ce  phdno- 
mbne,  trba  ddfavorables  aur  lo  plan  du  confort,  sont  difficiles  b  apprbc'er  sur  le  pin  de  la  perfor¬ 
mance. 

Le  atockage  de  la  chaleur  est  un  autre  critbre  interessant  mais  dont  la  ddtermination  se  heurte 
b  certains  problbmes.  Une  approche  thdonque  du  temps  de  toldrance  peut  6tre  tentde.  Si  QS  est  le 
atockage  de  chaleur  accumulde  dans  le  corps  et  reprdsente  une  limite  qui  ne  doit  pas  8tre  ddpassd  et 
S  le  atockage  par  umtd  de  temps,  la  durde  pour  atteindre  cette  valeur  limite  de  US  sera  : 


On  connatt  par  ailleurs  l'dquation  du  bilan  thermique  : 

S  =  fl±R±C±K-E  (3) 

ou  n  eat  la  production  de  chaleur  mdtabolique,  R,  C,  K,  sont  les  dchanges  de  chaleur  par  rcdiation, 
convection,  conduction  et  E  les  pertes  de  chaleur  par  dvaporetion,  le  tcut  exprimd  en  ddbit  caionque 
(kcal/(m2.h)  ou  U/m2). 

La  ddtermination  de  chacun  de  ces  termea  doit  permettre  d'dtablir  le  temps  de  toldrance.  fiaia 
cette  ddtermination  est  trba  difficile  et  d'un  point  de  vue  pratique  certaines  approximations  sont 
ndeeasaires  dans  un  but  prdvisionnel .  On  peut  en  premibre  approximation  ndgliger  les  tranaferts 
par  conduction.  L'dvaluation  de  1 1  evaporation  pose  par  centre  un  problbme  trbs  ardu,  car  elle  re 
peut  8tre  asaimilde  b  la  perte  de  poids  sudorale.  Lea  dquipemsnts,  le  contact  du  sibge  limitsH  en 
effet  conaiddrablement  lee  posaibilitds  dvaporatoires .  De  plus,  lore  d'un  vol  b  baser  altitude  dans 
dea  pays  tropicaux  ou  au-deasua  de  la  mer,  1 'hygromdtrie  b  l’extdneur  aussi  bien  qu'b  l'intdrieur 
du  cockpit  peut  6tre  plus  dlevde.  On  peut  conaiddrer  deux  cas  extr8mes.  Celui  ou  l'air  dtant  saturd 
d’humiditd,  aucune  dvaporetion  n'est  possible  dana  la  gamme  des  tempdraturea  qui  nous  mteresseit 
(E  =  0),  at  celui  oti  l'dvaporation  se  fait  dana  les  meilleures  conditiona.  Cans  ce  second  cas,  il 
faut  conaiddrer  qu'indvitablement  une  partie  importante  de  la  surface  du  corps  n'est  le  sibge  d'au- 
cune  ou  de  trbs  peu  o'dvaporation.  11  s'agit  des  membres  mfdrieurs  et  de  l'abdomen  du  fait  des 
dqiiipementa,  notamment  l'anti  G,  du  doa  en  raison  du  contact  a.ec  le  sibge  et  de  la  t8te  b  cause 

du  port  du  casque  et  du  masque.  Cette  surface  exclue  Lea  processus  dvaporatoires  peut  8tre  dvalud 
b  environ  60  %,  de  la  surface  corporalle.  ftinsi  pour  un  homme  de  taille  moyenne  (surface  corporelle 
=  1,90  m2)  avec  un  ddbit  sudoral  trbs  important  (SOOg/h),  le  ref roidissement  dveporatoire  dane  les 
meilleures  conditiona  sera  relativement  faible,  de  l'ordrc  de  10C  kcal/(m2.h) ,  (L  =  100), 
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L'activitd  mdtabolique  peut  auaai  verier  dans  d'assez  larges  proportions.  A  priori  on  peut 
conaiddrar  qua  la  ddpenae  dnergdtique  dolt  la  plus  souvent  sa  altuer  antra  1QQ  kcsl/(m2.h), 

(d  =  100)  at  150  kcal/(m2.h),  (n  =  150). 

Las  dchanges  calorlquea  par  radiation  at  convection  peuvent  6trs  estimda  approximativement  an 
considdrant  qua  la  tempdrature  cutande  moyonne  pour  un  aujet  expoad  a  la  chaleur  eat  da  36“C  at  qua 
la  coefficient  combind  d'dchange  par  radiation  at  convection  (12,  13)  eat  de  B  kcal/(m2,h).  Si  par 
simplification  nous  conaiddrone  qua  la  tempdrature  da  l'air  aat  dgale  b  la  templrature  radiante  il 
vient  t  R  +  C  =  8  (Tg  -  36),  oCi  Tg  eat  la  tempdrature  globe. 

Concernant  1* accumulation  da  chaleur  dans  la  corps  (QS),  BLOCKELEY  at  Coll  '14)  considbrent  quo 
las  performances  sont  intactes  a  40  kcal/(m2)  at  qua  la  limite  a  ne  pas  ddpaaaer  est  de  l'ordre  de 
54  kcal/m2.  En  prei  ant  une  valeur  de  50  kcal/m2  le  temps  da  toldrance  Bn  minutes  (t)  peut  ainsi  6tre 
prdvu  par  la  relation  * 

.  (50  x  60) 


11  +  8  (Tg  -  36 ) — E  (4) 

La  figure  2  represents  les  temps  d'  -oldrance  calculds  d'aprbs  cette  dquation  dans  4  situations 
diffdrentea  salon  qua  le  mdtabolisme  est  de  100  ou  150  kcal/(m2.h)  at  1 'dvaporation  de  0  ou  100 
kcal/(m2.h). 

Pratiquement  lorsque  1* dvaporation  peut  se  faire  dans  de  bonnes  conditions,  on  voit  qua  pour 

un  vol  de  1  heure  la  tempdrature  globe  a  ne  pas  ddpaseer  va  de  36°C  a  42°C  salon  l'activitd  du  pilo¬ 
ts.  Cat  dcart  est  important.  11  met  l'accent  sur  le  r81e  du  facteur  mdtabolique  aouvant  ndgligd. 

Ce  type  de  vol  a  basse  altitude  peut  en  effet  par  fortes  turbulences  exiger  une  ddpenae  dnargdtique 
tr&e  au-des8us  de  celle  habituellement  rencontrde  en  vol  normal,  et  ceci  sure  das  consdquences 
notables  sur  la  toldrance. 

En  atmosphare  saturde  d'humiditd  le  temps  de  toldrance  chute  trbs  vita.  Toujours  pour  1  heure 
de  vol,  il  faut  retenir  une  tempdrature  globe  limite  de  24,5“  a  30®C  salon  l'activitd.  En  fait  ces 
chiffres  sont  surement  un  peut  trop  bas  car  en  dessous  de  36°C,  en  ambiance  saturde  une  certaine 
quantitd  de  sueur  peut  a'dvaporer,  bien  que  son  estimation  corrects  ne  soit  pas  possible.  Elle  ne 
peut  done  pas  fitre  prise  en  compte. 

2- 2  La  ddtermination  de  la  toldrance  sur  des  critbrea  thermiques  physiologiques  n'dtant  pas 
pratique  au  point  de  vue  opdrationnel ,  de  nombreuses  tentatives  de  prdviaion  ont  dtd  f sites  a  partir 
des  caractdristiques  de  l'ambiance.  Toutefoia,  1 • application  des  donndea  sur  la  question  au  cas 
spdcifique  d'un  avion  de  combat  rests  ddlicate.  L'une  des  difficultds  rencontrdes  tient  au  choix 
des  parambtres  destinds  a  caraetdriser  l'ambiance.  Parmi  les  nombreux  index  propoads,  l'un  des  plus 
utilisds  est  la  Tempdrature  effective  (Ta)  qui  est  fonction  de  la  tempdrature  et  de  la  vitesse  de 
l'air  ainei  que  de  son  hygromdtrie. 

Une  revue  de  la  littdrature  (15),  a  montrd  quelle  dtait  1b  limite  moyenne  du  maintien  des  perfor¬ 
mances  en  fonction  de  la  tempdrature  effective  et  du  temps  (figure  3).  Dans  l'eneemble,  pour  des 
tem(B  irtdrieurs  b  9D  minutes,  il  exists  des  variations  assez  importantes  des  Te  toldrdes.  Ainsi,  b 
partir  de  90  minutes  et  au-delb,  la  limite  de  tempdrature  ef+ective  se  situe  vers  29°C.  Pour  un 
vol  de  60  minutes,  elle  est  de  30“C  at,  pour  45  minutes  de  31,5“C.  Pour  une  heure,  cola  correspond 
achdmatiquemant  b  des  tempdraturea  d'air  calme  allant  de  30°C  avec  100  %  d'humiditd  relative  b  45°C 
avac  18  %  d'humiditd  relative. 

Ces  conclusions  sont  en  accord  avac  celles  de  GRETHER  (16)  qui  considbre,  d'aprbs  une  approche 
quelque  peu  diffdrente,  que  la  limite  du  maintien  des  performances,  sans  toutefois  prdciser  le  temps 
correspond  b  une  tempdrature  affective  de  29,5°C. 

L '  index  ti/BGT  a  dgalement  dtd  discutd  (8,  1?)  at  la  limite  de  adcuritd  propoade  pour  un  pilote 
est  de  32°C .  C'eat  dgalement  ce  qui  a  dtd  retenu  pour  le  f.l.T.5.  avec  on  plus  une  limite  dangereuse 
b  franchir,  fixde  b  38°C.  Cette  limite  parait  Idgbrement  au-deeaus  de  cells  donnde  par  la  tempdra¬ 
ture  effective  <  Une  tempdrature  effective  de  30°C  correspond  en  efret  b  peu  prba  b  un  index  WBGT 
de  30,5  b  31 ,S“C, 

Exprimde  diffdremreent  en  considdrant  la  tempdrature  de  l'air  b  l'extdrieur  du  cockpit,  la  limi¬ 
te  de  adcuritd  correspond,  d'aprba  les  tables  de  STRIBLEY  et  NUNNELEY  (8),  a  dea  ambiances  extdrieurea 
b  l'avion  allant  de  35°C  en  atmosphbre  sbche  b  22,5°C  saturd  en  plein  aoleil,  ou  de  40°C  en  air  sec 
b  25°C  saturd  pour  ur.  ensoleillement  raoddrd. 

3.  AMELIORATION  DE  LA  TOLERANCE, 

Un  certain  nombre  de  mesures  doivent  permettre  d'amdliorer  la  toldrance  lore  das  vols  bease 
altitude  grande  vitesse 

3- 1  Au  niveau  individual  un  certain  nombre  de  rbgles  d'hygibne  doivent  fitre  inculqudea  au  ppi- 
aonnel.  Celui-ci  davra  en  effet  veiller  b  se  maintenir  dans  les  meilleures  conditions  physiques  et 
pour  cela  dviter  toute  fatigue  inutile  notamment  avant  lea  vols.  Son  rdgime  alimentaire  et  hydrosodd 
sera  particulibremant  surveilld.  On  insistsra  sur  l'importance  de  ces  prdcautions  pendant  lea  15 
premiers  Jours  du  adjour  dane  un  climat  tropical,  oCi  l'organi  ne  ne  s'est  pas  encore  adaptd  eux 
nouvellea  conditions.  Dana  toute  la  meaure  du  possible,  des  locaux  climatisds  devront  Stre  mis  b  la 
disposition  des  dquipages. 

3-2  Au  plan  opdrationnel  proprement  dit,  il  parait  essential  que,  au  moment  du  ddcollage,  les 
pilotes  soient  dans  un  dtat  confortabls.  Le  tampa  de  toldrance  '  la  chaleur  vis  b  vis  de  contraintes 
qua  l'on  paut  considdrar  comme  aiguaa,  ddpend  en  effet  dtroitement  des  conditions  physiologiques 
initialea.  Il  sera  en  effet  bien  plus  court  si  lea  dquipages  ont  ddjb  accumuld  de  la  chaleur  dans 
leur  organisms  avant  le  ddbut  de  la  mission.  Les  moyens  pour  obtenir  un  tel  rdsultat  sont  connus 

-  sails  d'opdration  bien  climatisds  avec  dea  boissone  fraiches  non  alcoolisdes. 

-  protection  dea  adronefe,  en  atat Jonnement  sur  le  parking,  vis  b  vir  du  rayonnement  solaire 
par  un  aystbae  parasoleil. 

-  ventilation  des  cabines  au  sol  par  un  groups  da  conditionnement  sutfisamment  puissant  poor 
dliminer  la  chaleur  due  aux  conditions  climatiques  locales  et  dventuellsment  si  l'avion  eat  er> 
alerts,  celle  ddgagde  par  l'dlectromque  de  bord. 
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Da  tei«  diapoeltlfs  ont  fait  la  preuve  da  leur  efficaciti  dapula  longtemps  (IB).  Par  l'asaocia- 
tlon  d'un  groupo  da  climatieation  fourniaaant  da  l'air  6  22°C  avec  un  dibit  da  3  OOOl/min.  at  d'un 
parasol,  il  a  it i  poaalble  da  ramener  la  tampdratura  globe  da  53°C  b  33,2°C  avec  une  tampdrature 
sbche  da  22,6°C,  Un  tal  syatbme  permet  une  attenta  an  alerte,  la  pilots  dtant  b  l'intirieur  da  son 
apparail  sane  problbme  particuliar.  Dana  l'expirience  ci-deaaue,  la  tampdrature  cutania  moyenne  a'est 
stabiliaia  b  33,9°C  ca  qul  eat  tout  b  fait  compatible  avac  la  confort. 

3-3  £n  coura  da  vol,  al  las  conditions  cliraatiquea  at  opirationnellae,  aont  tellea  qua  lea 
pricautiona  pricidentas  s'ivbrent  inauffiaantea,  d'autrea  raeaures  tellea  qua  l'amilioration  da  la 
climatieation  da  la  cabins  at  l'utilisation  d'iquipamenta  individuals  ventilia  pourront  Itre  envi- 
aagis. 

Las  possibility  dea  aystbmea  da  climatisation  da  la  plupart  dee  aviona  an  service  sont  inauf- 
fiaantaa  pour  assurer  la  confort  du  pilots  au  coura  dea  vols  baeae  altitude  dans  dea  conditions 
climatiques  ext rimes.  Laur  amilioration  aouhaitable  du  point  da  vua  mbdical,  ae  heurta  b  dea  problb- 
mes  techniques  complexes  at  onireux  diff idles  b  risoudre. 

La  climatisation  individuelle  par  combinaiaon  vantilia  eat  une  solution  plus  simple.  Da  nombreu- 
aaa  rialisations  da  ce  type  d'iquipamenta  ont  prouvi  son  efficaciti.  Ainsi  la  vltement  frengaia 

EFA  25  permet  de  maintanir  un  pilots  dana  dea  conditions  confortables  malgrd  une  tempirature  ambiante 

da  6D°C  (19).  Dea  groupea  de  ventilation  au  sol  permettent  d 'assurer  la  confort  du  pilots  porteur 
de  vfitemanta  spiciaux  (preaauriaia,  anti-immersion  etc...)  pendant  l'alerte  an  aalle. 

De  plus  l'utilisation  d'un  groups  da  ventilation  portable  de  la  taille  d'une  petite  valise, 
permet  d'aaaurer  son  confort  lore  dea  diplacements  sur  la  parking  at  iventuallement  lore  de  l'attente 
an  alerts  b  l'intirieur  da  l'appareil,  s'il  n'exiate  pas  da  groups  d'alerte  (20).  En  vol,  un  diapo- 
aitif  psrmattant  1 'insufflation  d'air  dans  la  vltament  eat  niceaaaire  raais  ceci  suppose  la  mise  en 

place  de  1 'appareillegs  adiquat  b  l'intirieur  de  l'avion  et  par  conadquent  de  la  privoir  dbs  aa 

conception. 
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FIGURE  1. 


Charge  radiante  t  l'lntdrieur  d»un  FlIRftGE  III  B  ■•nurds  au 
Sttfradioaetar  au  aol  (0),  S3  000  pieda  (  -  )  au-daaaua  da 

40  000  piada  ( - ),  laa  6,  7  at  8  aaptambra,  avec  au  sol 

T  air  ■  24/25°C,  Hualdltd  relative  -  50/65  %. 

U  ■  0,8  b  0,9  mach  au  aol  at  3  000  pieda,  1  h  1,2  a  haute  altitude 
couchee  nuageuaee  an  daaaoua  da  3  000  pieda. 
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FIGURE  2. 


Tempo  da  tolerance  an  fonction  da  la 
temperature  globe  dane  la  cco  ou  la  tempdca- 
ture  da  l'alr  eat  identlque  a  la  temperature 
radiante. 

Quatre  altuatlona  aont  raprdaanteea  aelon 
l'activite  du  pilote  (PI  =  10J  ou  ISO  kcal/(m2.h) 
at  lea  poaelbilltda  Bvaporatoirea 
(nulla  avec  E  =  0  at  trbe  lmportante  avec 
E  =  200  kcal/(m2.h). 

(Cf.  texte) 


FIGURE  3. 

Tampa  da  tolerance  (t)  an  minutea  an 
fonction  da  la  temperature  affective 
(Te).  Lea  donneaa  aont  callea  da  i 

(1)  Vitales  at  Smith  1946 

(2)  Reilly  at  Parker  1967 

(3)  Loab  at  Coll  1956 

(4)  Buraill  1954 

(5)  Moreland  at  Barnaa  1969 

(5)  Papier  1963 

(6) (7)  Colin  at  Coll  1973 
(B)(1 1 )  Wing  at  Touchatona  1963 

(9)  Chiles  1958 

(10)  Caclaon  1961 

(12)  Brivel  1971 

(13) (15)  Blocklay  at  Lyman  1950,  1951 

(14) (16)  Iampietro  at  Coll  1969. 


La  detail  da  caa  references  aa 
trouva  dans  la  rdf Branca  15  du  present 
articla. 
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SUMMARY 

Performance  decrements  in  simulated  flight  have  previously  been  demonstrated  at  levels  of  thermal 
stress  equivalent  to  those  found  in  the  cockpits  of  high  performance  aircraft.  However,  the  levels  of  body 
temperature  at  which  these  performance  decrements  occur  are  uncertain.  Previous  studies  have  shown  that 
performance  of  a  simple,  motor  task  may  be  degraded  by  heating  the  skin  when  the  body  temperature  is  above 
a  critical  level  of  37.6°C.  The  experiment  reported  here  confirms  these  findings  for  performance  in  a 
simple  flight  simulator.  The  operational  significance  of  the  results  is  discussed. 


INTRODUCTION 

Recent  advances  in  technology  (e.g.  1)  have  allowed  collections  of  aircrew  and  cockpit  thermal  data  to 
be  made  during  routine,  high  speed,  low  level  flight  in  various  military  aircraft.  Typical  results  are 
given  in  Table  1.  The  highest  cockpit  temperatures  were  measured  when  the  aircraft  was  on  the  ground.  In 
addition,  Belyavin  et  al  (7)  predict  from  laboratory  experiments  that  aircrew  flying  in  NBC  clothing  in 
Germany  in  simmer  could  reach  a  deep  body  temperature  of  37.9°C  in  41  min  and  38.5°C  in  72  min. 

Table  1.  Maximum  Aircrew  and  Cockpit  Temperatures  Recorded  in  Various  Aircraft1 


Aircraft 

Deep  Body 
Temperature 

Skin 

Temperature 

— 

Cockpit 

Temperature 

Reference 

Notes 

°C 

Site 

°C 

Site 

WBGT  °C 

Harrier 

38.0 

a 

37.4 

mean 

31 

2 

Buccaneer 

38  2 

ac 

36.3 

mean 

25 

2 

Phantom 

37.8 

ac 

36.6 

mean 

- 

2 

Gazelle 

37.6 

ac 

37.1 

mean 

26 

2 

Scout 

- 

- 

37.0 

mean 

23 

2 

Jaguar 

38.0 

ac 

37.2 

mean 

36 

3 

Failed  cabin  conditioning 

Mohawk 

38.0 

re3 

37.2 

xiphoid 

30 

4 

F15 

37.5 

re 

38.9 

arm 

36.4 

5 

Aircraft  on  ground  in  sun 

F111A 

- 

- 

38.9 

mean 

- 

6 

F4E 

38.1 

ac 

36.6 

mean 

37.8 

Allan 

(unpublished 

observations) 

Aircrew  wearing  NBC  pro¬ 
tective  clothing 

Notes 

1.  The  three  temperatures  for  each  aircraft  were  not  necessarily  recorded  on  the  same  occasion. 

2.  ac  -  auditory  canal. 

3.  re  -  rectal. 

Recent  work  at  this  Institute  (8,9,10)  showed  that  performance  of  a  pursuit  rotor  task  was  unaffected 
by  heating  or  cooling  until  deep  body  temperature  exceeded  37.6°C  but  that  above  this  performance  was  worse 
during  heating  than  cooling  (Fig.l).  Above  the  critical  level  of  core  temperature,  the  skin  temperature 
was  found  to  be  a  more  important  determinant  of  performance  than  deep  body  temperature,  although  it  was 
impossible  to  discount  the  possible  effects  of  direction  and  rate  of  change  ji  deep  body  and  skin  tem¬ 
peratures.  It  was  suggested  that  absolute  levels  and  rates  of  change  of  core  and  skin  temperatures  influ¬ 
enced  performance  together  through  their  effect  on  affective  thermal  sensation  and  there  appeared  to  be  a 
critical  level  of  discomfort  beyond  which  decrements  of  performance  developed. 

The  aim  of  the  experiment  reported  here  was  to  extend  this  work  to  a  task  more  representative  of 
flying,  while  still  using  levels  of  core  and  skin  temperature  similar  to  those  measured  in  or  predicted 
for  aircrew. 
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•  Heating 
x  Cooling 


37  0  37  3  37  6  37  9  38  2  38  5 


Figure  1.  The  relationship  between  rotary  pursuit  task  performance  and  deep  body  temperature  (T  ) . 
METdODS 

Nine  male  volunteers,  aged  between  19  and  41  years,  acted  as  subjects.  Six  had  previously  been  exposed 
to  hot  conditions  although  none  was  acclimatized  to  heat.  Each  subject  carried  out  two  replicate  experi¬ 
ments  in  which  he  was  first  heated  to  a  deep  body  temperature  (Tac)  of  37.5°C,  then  alternately  heated  and 
cooled  twice  between  Tac  limits  of  37.9  and  38.5°C,  and  finally  cooled  to  a  Tac  of  37.5°C  (see  Fig.3). 
Heating  or  cooling  was  achieved  by  controlling  the  inlet  temperature  of  a  liquid  conditioned  suit  (I.CS)  at 
either  50°C  or  28°C. 

Measurements.  Core  temperature  was  measured  from  the  auditory  canal  using  a  thermistor  near  to,  but  not 
touching,  the  eardrum,  and  well  insulated  from  the  environment  using  cotton  wool  and  a  cloth  flying  helmet. 
Thermistors  were  also  used  to  measure  the  skin  temperature  at  4  sites  (lateral  upper  arm,  chest,  thigh  and 
calf);  mean  skin  temperature  (Ts^)  was  taken  as  the  arithmetic  mean  of  the  four  measurements.  Core  and 
skin  temperatures  were  measured  at  J  min  intervals  using  a  data  logger.  A  subjective  assessment  of  thermal 
comfort  was  obtained  by  the  10  cm  line  technique  (11)  with  the  line  annotated  'thermally  ideal'  at  one  end 
and  'thermally  intolerable'  at  the  ocher. 

Thr  Task.  The  subject  had  to  'fly'  a  simplified  form  of  flight  simulator  (12)  while  controlling  certain 
flight  vectors  within  defined  limits  by  use  of  throttle  and  control  column.  The  simulator  had  no  rudder 
controls.  Performance  and  handling  was  considered  to  be  equivalent  to  that  of  a  small  business  jet,  e.g. 
the  HS  125.  The  visual  display,  on  a  television  screen  (Fig. 2),  consisted  of  digital  outputs  from  an  air 
speed  indicator,  an  altimeter  and  a  compass,  with  analogue  presentations  of  vertical  speed,  power  setting 
and  artificial  horizon.  Three  navigational  aids  were  also  displayed  but  were  not  used  in  the  present 
experiment.  A  printed  card,  placed  below  the  television  screen,  gave  the  subject  the  required  altitudes 
and  headings  for  the  task  period. 

Means  and  variances  of  samples  taken  three  times  a  secord  were  obtained,  through  a  DEC  PDP-12  computer, 
of  the  following  variables  for  each  manoeuvre: 


(1)  Airspeed  indicator 

(2)  Artificial  horizon  and  Turn/Bark  indicator 

(3)  Compass 

(4)  Power  setting 

(5)  Altimeter 

(6)  Vertical  speed  indicator 


Figure  2.  The  television  display  of  the  flight  simulator. 
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a.  Heading  (HDG) . 

b.  Altitude  (ALT). 

c.  Air  Speed  (LAS). 

d.  Vertical  Speed  (VS). 

e.  Bank  angle  (BA) . 

In  addition,  data  was  obtained  for  the  number  of  times  in  each  manoeuvre  the  major  controls  passed  through 
the  neutral  position  (aileron  and  elevator  reversals)  as  well  as  for  the  average  maximum  extent  of  the  con¬ 
trol  column  movements. 

Each  3  min  task  period  comprised: 

a.  An  ascending  turn  from  3,500  ft  to  5,000  ft  through  150°  from  a  previously  set  heading  (which 
varied  with  each  task  period).  Vertical  speed  had  to  be  maintained  at  +2,500  +  200  ft  min“l  with 
an  angle  of  bank  of  30  +  2jJ. 

b.  Straight  and  level  flight  with  random  sine  wave  turbulence  (12)  at  ALT  5,000  +  50  ft,  a*;  +5° 
from  the  required  heading,  at  VS  0  +  50  ft  min-*  and  at  BA  0  +  2j°. 

c.  A  descending  turn  from  5,000  ft  to  3,500  ft  through  150°.  Vertical  speed  had  to  be  -2,500  + 

500  ft  min-*  with  an  angle  of  bank  of  30  +  2J°. 

Indicated  air  speed  during  the  three  manoeuvres  had  to  be  maintained  at  210  +  20  knots.  Tne  three  parts  of 
the  task  were  separated  by  periods  of  up  to  20  sec  to  allow  the  subject  to  correct  height  and  heading 
between  the  measured  parts  of  the  task. 

Each  subject  was  given  a  minimum  of  six,  45  min  lessons  on  the  simulator,  of  which  the  first  four  were 
general  instruction,  flight  theory  and  control  of  the  simulator,  and  the  remainder  were  devoted  to  flying 
the  specific  manoeuvres.  The  subject  had  a  further  practice  within  24  hr  of  his  experimental  runs;  in 
addition,  he  received  a  further  practice  session  if  more  than  3  days  separated  experiments. 

Procedure.  After  being  instrumented  for  measurement  of  core  and  skin  temperature,  the  subject  dressed  in 
the  LCS,  long-limbed  acrilan  pile  underwear,  socks,  cold  weather  flying  jacket  and  trousers,  boots,  gloves 
and  cloth  flying  helmet.  He  then  entered  the  climatic  chamber,  which  was  maintained  at  30°C,  and  carried 
out  a  3  min  practice  task.  The  subject  then  mounted  a  bicycle  ergometer  and  started  exercise  at  100W  while 
heating  was  started  through  che  suit  conditioning  unit.  He  stopped  exercise  at  a  Tac  of  37.3°C  and  trans¬ 
ferred  to  the  seat  of  the  flight  simulator.  The  task  was  performed  at  Tac  37.5°C,  and  then  at  3  levels  of 
Tac  (37.9,  38.2  and  38.5°C)  during  each  heating  and  cooling  phase,  and  finally  was  performed  at  37.5°C  again 
during  the  final  cooling  phase  (see  Fig-3).  The  task  was  timed  so  that  its  midpoint  coincided  with  the  tar¬ 
get  Tac.  Immediately  after  each  task,  a  subjective  assessment  cf  thermal  comfort  was  obtained  from  the 
subject. 

RESULTS 

The  results  for  Tac  and  T8k  at  the  midpoint  of  each  task,  averaged  for  subjects  and  replicates,  are 
shown  in  Table  2  and  Fig-3.  It  can  be  seen  that  the  intended  levels  of  Tac  during  performance  of  the  task 
have  been  accurately  achieved.  Despite  a  constant  inlet  temperature  to  the  LCS,  Ts^  continued  to  rise 
slightly  during  heating  and  to  fall  during  cooling  but  the  differences  were  small  when  compared  to  the 
differences  between  average  levels  for  heating  (39.0°C)  and  cooling  (36.4°C).  Also  shown  in  Table  2  and 
Fig -3  are  the  average  values  for  subjective  level  of  thermal  comfort  immediately  after  each  task. 


Table  2.  Moans  and  SD  (subjects/replicates)  for  Ta^,  T^  and  subjective  level 
of  thermal  comfort  at  each  task  performance  during  heating  and  cooling 


PHASE 

HEATING 

COOLING 

HEATING 

COOLING 

TASK 

i 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

T  °C 

ac 

37.53 

37.88 

38.19 

38.49 

38.53 

38.20 

37.91 

37.93 

38.26 

38.54 

38.53 

38.21 

37.94 

37.52 

SD 

0.05 

0.03 

0.03 

0.02 

0.05 

0.04 

0.04 

0.02 

0.04 

0.03 

0.03 

0.03 

0.03 

C.04 

T  .  °C 
sk 

38.4 

38.7 

39.0 

39.1 

36.8 

36.4 

36.2 

38.9 

39.0 

39.0 

36.5 

36.3 

36.0 

34.7 

SD 

0.5 

0.4 

0.4 

0.4 

0.3 

0.3 

0.3 

0.4 

0.5 

0.5 

0.4 

0.3 

0.4 

0.5 

Comfort 

cm 

3.7 

5.3 

6.2 

6.8 

2.6 

1.4 

1.3 

5.7 

6.5 

7.0 

2.0 

1.4 

1.0 

0.6 

SD 

2.0 

2.3 

2.3 

2.5 

1.6 

0.9 

1.0 

2.7 

2.8 

2.5 

1.2 

0.9 

0.7 

0.7 

I  I _ I - 1 - 1 - 1 - 1 - 1 - 1 _ I - 1 _ I _ I _ I 


1  2  3  4  5  6  7  8  9  10  11  12  13  14 

Task  number 


Figure  3.  Results  showing  the  relationship  of  the  flight  simulator  handing  erroi  rate  and 
mean  subjective  thermal  comfort  to  the  induced  cycles  of  Tgc  and  fg^. 


The  number  of  occasions  that  the  task  mean  exceeded  uhe  pre-set  limit  for  each  flight  vector  was 
extracted  from  the  records  and  each  occasion  was  scored  as  1  (error);  each  time  the  task  mean  was  within 
the  set  limit  was  scored  as  0.  The  totals  for  each  task  period  and  each  manoeuvre  are  shown  in  Table  3 
and  Fig.4.  The  overall  handling  error  rate  is  shown  in  Fig* 3.  Analysis  of  variance  of  the  error  scores 
sunned  over  the  11  flight  vectors  failed  to  demonstrate  any  difference  between  heating  and  cooling  at  a 
core  tengierature  of  37.5°C,  but  showed  a  significant  decrement  during  heating  compared  to  cooling  at  the 
higher  deep  body  temperatures  (P  <  0.02) .  There  was  no  demonstrable  effect  on  performance  of  core  tempera¬ 
ture  between  37.9  and  38.5°C.  Apart  from  the  handling  errors,  subjects  also  made  other  errors  that  were  not 
measurable.  These  included  inability  to  carry  on  with  the  task  (on  2  occasions),  turning  the  wrong  way  (2), 
ascending  instead  of  descending  (1),  inability  to  read  the  card  (2),  stopping  descending  for  no  apparent 
reason  (2),  confusion  (1)  and  losing  control  (1).  All  failures,  save  one  instance  of  stopping  descent  for 
no  reason,  were  during  a  heating  phase. 
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Table  3.  Total  number  of  handling  errors  in  each  task  for  each  manoeuvre 


PHASE 

HEATING 

COOLING 

HEATING 

COOLING 

TASK 

1 

f 

\ 

2  |  3 

4 

5 

6 

7 

8 

9 

’0 

11 

12  j  13 

14 

Ascending 

Turn 

(VS, IAS, BA) 

5 

i 

i 

5|  8 

1 

1 

7 

8 

11 

8 

13 

7 

3 

1  6 

_ _ 

5 

Straight/ 

Level 

(ALT.HDG.IAS, 
j  VS, BA) 

I 

27 

i 

29  !  24 

25 

23 

i _ 

19 

20 

27 

24 

26 

_ 

21 

24  17  25 

I 

1 

j  Descending 
j  Turn 

j  (VS, IAS, BA) 

18  '9  17 

-  r 

i 

19  ,  12 

i 

i 

7 

:  1  i 

;  !  ! 

15  20  8  il  :  9  11  10  17 

i  !  : 

DISCUSSION 


The  results  demonstrate  that  differences  in  performance  on  the  flight  simulator  can  be  produced  by 
heatirg  or  cooling  the  skin  at  the  same  level  of  deep  body  temperature.  These  differences  do  not  exist  at 
a  Tac  of  37.5°C,  but  at  core  temperatures  between  37.9  and  38.5°C,  performance  during  heating  is  worse  than 
during  cooling.  Above  the  critical  core  temperature  (i.e.  above  37.5°C),  skin  temperature  is  a  more  impor¬ 
tant  determinant  of  performance  than  the  absolute  level  of  deep  body  temperature;  it  is,  however,  impossible 
to  exclude  possible  effects  on  performance  of  direction  and  rate  of  change  of  both  core  and  skin  temperatures 
It  may  be  seen  from  Fig. 3  that  at  a  deep  body  temperature  of  37.9°t  ,  heating  after  cooling  may  be  mote  stress 
ful  than  heating  alone.  In  addition,  the  high  error  rate  during  cooling  at  37.5°C  may  reflect  the  fact  that 
cooling  to  this  level  took  longer  than  other  parts  of  the  experiment  and  the  greater  time  gap  between  tasks 
could  have  resulted  in  the  subjects  losing  concentration.  The  lack  of  difference  in  performance  between 
heating  and  cooling  at  a  core  temperature  of  37.5°C  could  therefore  be  an  artefact  but  the  results  compare 
favourably  with  the  findings  in  previous  studies  (9,10). 

A  loss  of  accuracy  ir.  simulated  flying  during  heat  stress  has  been  reported  previously.-  Blockley  & 

Lyman  (13)  found  that  subjects  in  a  flight  simulator  made  an  increased  number  of  errors  when  they  were 
reaching  their  physiological  tolerance  to  environments  up  to  112°C;  the  maximum  level  of  rectal  temperature 
(Tre)  recorded  was  39.6  C  and  the  maximum  Tsk  was  42.5°C.  Moreland  &  Barnes  (14)  suggested  that  pilot  per¬ 
formance  in  a  helicopter  declined,  and  variability  of  performance  increased,  at  higher  cockpit  temperatures, 
although  the  changes  reported  were  not  statistically  significant.  The  highest  Tre  that  they  reported  was, 
however,  only  37.7°C.  Larsson  et  al  (15)  recorded  a  25Z  increase  in  integrated  errors  of  speed  and  altitude 
by  subjects  flying  a  Draken  simulator  at  a  mean  Tac  of  38.0°c  and  Tsk  of  37.5°C  compared  to  flying  with 
Tac  36.6'C  and  Tsg  34.0°C.  In  that  experiment,  the  rate  of  rise  of  Tac  during  the  flight  phase  was  very  low. 
Iampietro  et  al  (16)  found  significant  differenccs  in  performance  in  some  phases  of  tlight  in  a  simulator 
between  one  neutral  and  two  hot  environments.  Overall,  there  was  a  19Z  greater  deviation  from  the  required 
heading  in  an  environment  of  43°C  compared  to  23°C,  and  a  further  19Z  decrement  at  60°C  compaied  to  43°C. 

Mean  skin  temperature  during  the  hottest  flight  was  38.5°C  although  there  was  little  change  in  Tre.- 

Meister  (17)  reported  similar  results  for  subjects  exposed  to  an  environment  of  43°C  in  a  flight  simu¬ 
lator.  A  13Z  decrement  in  flying  straightforward  manoeuvres  was  observed  by  the  time  oesophageal  temperature 
had  reached  38.0°C;  Tjg  was  not  reported..  Performance  in  correcting  turbulence  during  straight  and  level 
flight  was  significantly  improved  by  the  time  of  the  third  heat  exposure  although  this  could  have  been  a 
simple  learning  effect.  When  approximately  equivalent  skin  temperatures  are  compared,  the  25Z  decrement 
found  by  Larsson  and  the  19Z  decrement  found  by  Iampietro  compare  favourably  with  the  overall  217.  decrement 
for  this  study. 

In  the  present  experiment,  subjects  did  not  only  fly  less  accurately  while  being  heated  compared  to 
being  cooled,  but  they  also  made  more  drastic  errors  in  controlling  the  simulator.  This  type  of  unpredict¬ 
able  lapse  has  previously  been  described  (18)  for  vibration  and  noise  combined  and  could,  if  it  occurred  in 
real  flight,  result  in  the  pilot  losing  control  of  the  aircraft.  Bollinger  S  Carwell  (19)  state  that  'the 
potential  for  crew  error  is  increased  and  ...  the  margin  of  safety  is,  accordingly,  decreased  during  . . .-  hot 
missions'.  Their  study  was  of  operational  training  sorties  in  the  RF4C  aircraft  in  suniner  (mean  maximum  tem¬ 
perature  31.6°C)  and  winter  (18.8°C)  conditions.  They  found  an  increase  in  the  proportion  of  unsuccessful 
missions  (measured  from  photo  target  acquisition  scores)  attributable  to  pilot  error  in  summer  (24. 2Z)  com¬ 
pared  to  winter  (9.5Z).  They  also  contented  that  the  1.2Z  dehydration  occurring  in  tie  90  min  sortie  would 
have  caused  a  15  to  18Z  diminution  in  +C2  tolerance.  Elevation  of  core  and  skin  temperatures  can  also 
reduce  +C2  tolerance  markedly  (20) . 

It  is  therefore  clear  that  the  thermal  strain  encountered  by  aircrew  in  routine  high  speed,  low  level 
flight  in  warm  conditions  could  cause  a  reduction  in  the  operational  capability  of  the  aircrew.  The  situa¬ 
tion  will  be  exacerbated  by  anything  that  increases  the  thermal  strain  such  as  the  wearing  oi  more  insulative 
protective  clothing,  higher  work  rates  (7)  and  repealed  sorties  separated  by  inadequate  time  fer  thermal 
recovery. 
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Figure  4. 


The  relationship  between  T  one*  handling  errors  of  the  flight  simulator 
in  each  manoeuvre  during  htSting  and  cooling. 
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DISCUSSION 


DR.  F.H.  AUSTIN  (US) 


Have  you  been  able  Co  detect  a  difference  in  effect  of  heat  and  cooling  on  performance  dependent  on 
the  birthplace  or  home  (wh^re  raised)  cf  aircrew;  for  example,  cold  climate  versus  hot,  or  wet  versus 
dry  climates? 

AUTHOR'S  REPLY 

No.  Most  of  our  aircrew  were  raised  in  the  United  Kingdom  and,  because  it  is  a  small  country,  the 
climate  (cool,  temperate)  is  fairly  uniform. 

DR.  F.H.  AUSTIN  (US) 

Is  distraction  from  the  cool  or  hot  air  stream  a  factor  in  performance  decrement  in  your  data? 
AUTHOR'S  REPLY 

Performance  seems  to  be  related  to  thermal  comfort  -  the  hotter  you  feel,  the  worse  you  perform. 
Insofar  as  this  reflects  skin  temperature,  the  effect  of  heating  or  cooling  is  to  affect  performance. 
However,  we  used  liquid  conditioned  suits  to  control  heating  and  cooling  in  our  subjects. 


(ittnistSi 
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AIRCREW  HEAT  STRESS  DURING  HIGH-SPEED,  LOW-LEVEL  FLIGHT 


Richard  F.  Strlbley  and  Sarah  A.  Nunneley 
USAF  School  of  Aerospace  Medicine 
Crew  Technology  Division 
Crew  Protection  Branch 
Brooks  AFB,  Texas  78235 
USA 


SUMMARY 

Heat  stress  is  a  common  problem  aboard  high-performance  aircraft,  particularly  during  high-speed, 
low-level  flight  in  temperate  and  hot  climates.  The  degree  of  heat  strain  induced  in  aircrewmembers 
reflects  many  factors,  including  their  preflighi  physiologic  status,  clothing  worn,  duration  of  ground 
standby,  and  the  cockpit  environment.  Radiant  heat  load  is  high  and  cockpit  cooling  is  generally 
limited  during  low-level  flight,  at  the  same  time  that  personnel  must  perform  critical  tasks  at  peak 
efficiency..  In  addition,  new  protective  equipment  is  greatly  increasing  the  thermal  stress  experienced 
by  aircrews.,  A  change  in  cockpit-cooling  specifications,  therefore,  appear?  desirable  for  new  fighter 
and  close-support  aircraft  with  their  demands  for  maximal  human  performance.  In-flight  data  and  lab¬ 
oratory  studies  simulating  cockpit  conditions  indicate  that  heat  stress  can  impair  performance,  notably 
the  learning  of  new  skills.  This  is  particularly  important  during  training  and  low  level  flight, 
where  new  or  novel  situations  often  arise  and  diminished  ability  of  crewmembers  to  handle  new  tasks 
could  present  a  serious  problem.  Approaches  are  needed  for  limiting  heat  exposure  in  current  aircraft 
and  for  mar -oriented  design  and  testing  of  environmental  control  systems  in  future  aircraft..  This 
paper  describes  some  of  these  approaches, 

LIST  OF  SYMBOLS 


c 

=  cockpit 

Tco 

=  core  temperature 

ECS 

■  Environmental  Control  System 

Tdb 

=  dry  bulb  temperature 

FITS 

»  Fighter  Index  of  Thermal  Stress 

Tdp 

=  dew  point  temperature 

E 

=  ground 

^sk 

«  mean  skin  temperature 

Pw 

=  water  vapor  pressure 

7?<(calf ) 

=  calf  skin  temperature 

Tac 

»  auditory  canal  temperature 

Tsk(chest) 

=  chest  skin  temperature 

Tbg 

=  black  globe  temperature 

V 

“  air  velocity 

INTRODUCTION 

Humans  are  well  adapted  to  dealing  with  heat  stress  under  most  n-tural  conditions.  Unfortunately, 
the  aviation  environment  often  interferes  with  the  usual  means  of  dissipating  heat.  Aircrews  of 
high-performance  aircraft  must  generally  work  while  exposed  to  sunlight,  wear  multilayer  clothing 
hich  restricts  sweat  evaporation,  and  suffer  undesirable  physiologic  and  performance  side  effects 
from  both  vasodilation  and  sweating.  The  combination  of  heat  and  other  stresses  associated  with 
flight  can  accelerate  the  onset  of  fatigue  and  degradation  of  critical  task  performance. 

The  need  to  protect  avionics  from  overheating  was  formerly  the  main  criterion  for  specifying  the 
cooling  capacity  of  an  aircraft  environmental  control  system  (ECS).  The  maintenance  of  a  thermally 
"table,  comfortable  cockpit  environment  for  aircrewmembers  was  regarded  as  less  important,  and  cock¬ 
pit  heat  was  rarely  recognized  as  a  factor  limiting  the  performance  of  the  man-machine  system. 

However,  aircraft  demand  maximal  mental,  perceptual,  psychomotor,  and  physiologic  performance, 
particularly  during  high-speed,  low-level  flight  when  heat  stress  is  often  the  highest. 

CURRENT  COCKPIT-COOLING  DESIGN  REQUIREMENTS  AND  PERFORMANCE 

The  USAF  specification  for  ECS  i*  reviewed  here  as  an  example  of  current  standards  (J).  It  is  written 
in  general  terms  and  applies  to  both  high-performance  and  transport  aircraft.  It  states  that  cockpit 
air  temperatures  may  not  exceed  27°C  during  ground  operations.-  Dur-'ng  flight,  mean  air  temperature 
in  the  crew  compartment  should  not  exceed  21  C,  but  may  rise  to  27  C  for  30-min  periods.  Radiant  heat 
is  mentioned  only  In  terms  of  surface  temperature  and  touch-burn.  Moisture  control  is  covered  by  the 
statement  that  inlet  air  shall  be  free  of  entraine-*  moisture.  The  document  mandates  a  series  of  ECS 
performance  tests  during  all  phases  of  development  from  design  through  production  sampling.  Final  LCS 
qualification  involves  assessment  of  the  preproduction  unit  aboard  aircraft  in  environmental  chambers 
and  during  sojourns  at  bases  selected  to  present  extreme  climatic  conditions.  Failure  of  the  ECS  to 
meet  original  specifications  may  result  in  system  modification  and/or  waiver  of  requirements. 

The  present  method  of  assessing  cockpit  cooling  fails  to  consid  the  effect  of  the  environment  and 
ECS  performance  waivers  upon  the  physiological  status  of  the  aircrews.  Miniaturized  man-mounted 
instiumentation  now  allows  the  monitoring  of  both  environmental  and  physiological  variables  aboard 
operational  aircraft  as  well  as  during  dedicated  climatic  tests.  A  sensor  cluster  located  at  shoulder 
or  head  level  measures  dry  bulb  temperature  (T<jb)i  dew  point  temperature  (Tdp),  air  velocity  (V), 
and  50-mm  black  globe  temperature  (T^g),  Measurements  from  aircrew  include  skin  temperatures  (Tsk)> 
core  temperature  (Tc„) ,  electrocardiogram,  and  voice,  besides  subjective  questionnaires.  It  is  use¬ 
ful  to  measure  T at  multiple  locations  around  aircrewmembers  and  at  ECS  inlet  (2).  Data  collected 
so  far  include  missions  oy  USAF  aircraft  with  three  different  ECS  types:  simple  cycle  (A-10,  F-5, 

P-111A),  bootstrap  (A-7D,  F-4F.,  F-15,  F-16),  and  a  variable-geometry,  air-cycle,  advanced  design  i 

tested  aboard  an  F-15.  Some  of  these  data  are  discussed  below,  ' 


The  worst  heat  stress  recorded  for  aircrews  occurs  during  ground  standby.  come  combat  scenarios 
dictate  that  the  canopy  be  either  sealed  or  opened  at  most  a  few  centimeters  while  the  airciaft 
sits  without  active  cooling.  Significant  cockpit  heat  stress  also  continue*-  following  takeoff, 
as  shown  for  the  A-10  in  f'gures  1  and  2.  This  aircraft  flies  close-support  missions  at  such  low 
altitudes  that  climatic  heat  remains  a  significant  factor  throughout  flight.;  Climatic  tests  of 
the  preproduction  models  have  revealed  inadequate  cooling  capacity  and  poor  air  delivery  to  the 
pilot  (3).  ECS  inlet  temperatures  were  rarely  less  than  20  C,  rudder-well  temperatures  remained 
at  or  above  33  C.  Pilots  rated  heat  stress  a*  i  significant  factor  contributing  to  their  fatigue. 

The  FCS  has  since  been  modified  and  further  studies  are  in  progress. 

Fighter  aircraft  often  fly  a  low-level  penetration  leg  as  part  of  their  mission.  In  one  test, 
three  F-4's  were  stjdied  over  a  series  of  36  low-level  flights  at  Eglin  AFB,  Florida,  during 
April-June  1978,  when  T„  =  23-33  C.  As  shown  in  figure  3,  front-seat  temperatures  were  sig¬ 
nificantly  cooler  than  thd  ?ear  T^  which  was  always  4°C  or  more  above  the  present  military 
standard  (4).  ’ 

Aerodynamic  heating  also  affects  cockpit  temperature.;  The  interacting  effects  of  speed  and  altitude 
were  shown  by  a  series  of  flights  (5)  where  an  F-111A  flew  selected  speed/altitude  combinations  ovei 
desert  where  Tjg  *>  35-40  C.-  The  ECS  was  set  on  "full  cold"  throughout.  Equilibrium  T<jb  c  at 
2,000-ft  AGL  ranged  from  19.9°C  at  Mach  number  0.6  to  25.7°C  at  0.9.  At  5,000  ft  and  Mach  number  1.2, 
cockpit  temperature  was  33.4  C  and  still  rising  after  10  min,  when  fuel  limitation  ended  the  run. 

This  test  also  clearly  showed  the  large  head-to-foot  temperature  difference  which  is  characteristic 
of  cockpits. 

The  F-15  and  F-16  are  new  aircraft  whose  missions  are  primarily  at  medium  to  high  altitude.  Both 
use  improved  cooling  technology  which  reportedly  reduces  heat  stress  below  that  seen  in  older  aircraft, 
but  insufficient  data  are  available  to  verify  the  reported  improved  ECS  performance.-  Recent  avionics 
additions,  however,  may  increase  cockpit  temperatures. 

HEAT  EXCHANGE  IN  THE  COCKPIT  ENVIRONMENT 

C  clpit  temperature  represents  z  balance  between  ECS  cooling  (mass  flow  and  inlet  temperature)  and 
heat  from  various  sources,  including  climatic  and  a<r  -odynan.ic  heating,  sunlight,  avionics,  and  human 
metabolism.-  Metabolic  heat  (6),  together  with  any  environmental  contribution,  must  be  dissipated  at 
the  skin  to  prevent  heat  storage.  Man  cm  tolerate  storage  of  only  about  100  W.h/m7,  a  variation  of 
iprroximetely  7%  in  body-heat  content,  before  approaching  collapse;  discomfort  and  performance  changes 
may  appear  at  half  that  level. 

Heat  exchange  actually  occurs  in  the  microclimate  next  to  the  human  skin.-  Both  convective  and  evapo¬ 
rative  heat  exchange  depend  upon  movement  of  air  through  this  microclimate;  sensible  heat  transfer 
requires  that  Ta-0  be  lower  than  Tsk,  while  evaporation  occurs  only  if  water  vapor  pressure  (Pw)  is 
less  than  42  torr  (saturation  at  skin  temperature  of  35  C) .  Sunlight  entering  through  the  canopy 
not  only  increases  Tjj,  by  the  greenhouse  effect,  but  also  contributes  direct  radiant  heating  on  the 
order  of  100  \!  087  keal/h)  for  a  clothed  ...an  (7). 

Under  hot  conditions,  cockpits  efton  si.ow  a  large  longitudinal  temerature  difference;  while  the  head 
and  upper  body  are  exposed  to  fuel  solar  beating,  maximal  cooling  is  often  routed  to  the  rudder-well 
and  lap  area  (2).:  A  10&C  difference  occurs  in  some  airc-aft  (3),  and  pilots  sometimes  experience 
uncomfortably  cold  feet  while  sweating  profusely.- 

/ ircrew  clothing  severely  limits  heat  dissipation  by  impeding  both  convection  and  evaporation.  The 
summer  flight  ensemble  for  pilots  of  high-performance  aircraft  includes  cotton  underwear,  Nomex  flight 
suit,  anti-C  suit,  boots,  gloves,  helmet,  oxygen  mask,  and  restraint  harness.  The  total  insulation 
provided  is  1. 5-2.0  Clo,  where  1  Clo  is  0.155  C*m7/W,  approximati  ly  the  value  for  normal  indoor  cloth¬ 
ing.  Flight  doming  also  slows  sweat  evaporation,  with  complete  impermeability  under  the  helmet, 
mask,  boots,  and  areas  covered  bv  anti-f  bladders.. 

CONSEQUENCES  OF  HEAT  STRESS 

Physiological  defenses  against  heat  include  vasodilation,  increased  sweat  secretion,  and  increased 
heart  rate.  Skin  temperatures  In  the  cockpit  reflect  both  adjacent  Tdb  and  overlying  clothes.. 

Sweating  has  several  undesirable  side  effects,  including  discomfort,  sweat  dripping  into  the  eyes, 
and  gradual  depletion  of  body-fluid  reserves.  If  excess  heat  is  not  removed,  core  temperature 
rises.  For  persons  at  rest  or  doing  light  work  in  heat,  Tco  =  38  C  represents  the  average  upper 
limit  at  which  the  body  can  establish  true  thermal  equilibrium  (8).-  Above  this  level,  regulatory 
mechanisms  begin  to  lose  their  efficiency  and  heat  storage  accelerates;  with  such  "environmenc- 
driven"  conditions,  it  is  only  a  matter  of  time  until  Tco  reaches  39-40  C  and  collapse  ensues. 

Impairment  of  mental  performance  is  among  the  earliest  measurable  consequences  of  hea.  stress..  The 
literature  on  this  topic  is  large  and  often  confusing,  but  it  is  clear  that  heat  stress  of  the  type 
seen  in  cockpits  can  be  associated  with  altered  learning  curves  (9,  10),  shortened  time  sense  (11), 
impaired  vigilance  (11),  and  increased  error  rates  on  tracking  (10,  11). ;  .iuch  changes  are  subtle, 
but  can  be  important  to  man  in  the  cockpit.  For  example,  comparison  of  F-4  photoreconnaissance 
scores  in  cold  and  hot  weather  demonstrated  significantly  less  success  in  heat  (12).-  Prolonged, 
moderate  heat  stress  anpears  tu  accelerate  mental  and  physical  fatigue  associated  with  flying. 

Heat  stress  also  diminishes  acceleration  tolerance  (13).. 

Zeller  (14)  studied  aircraft  accident  rates  based  on  7  x  107  flying  hours  and  3,000  accidents, 
finding  that  the  rate  for  fighter  aircraft  shows  a  peak  during  the  hot  season  which  dees  not 
occur  in  transports.  While  multiple  factors  undoubtedly  contribute  to  this  pattern,  environmental 
heat  may  make  a  significant  contribution  to  the  fighter  pattern. 


A  number  of  procedures  may  Improve  aircrew  heat  tolerance  and  thus  diminish  ECS  cooling  requirements. 
Adequate  heat  acclimatization  is  an  important  factor.  Aircrews  should  have  ready  access  to  palatable 
fluids  during  ground  intervals,  and  they  should  also  realize  the  importance  of  drinking  even  beyond 
satiety.  Both  body  cooling  and  rehydration  are  relatively  slow  processes,  requiring  from  one  to 
several  hours,  depending  upon  both  the  initial  stress  and  the  environment  during  recovery. 

The  limitations  of  current  fighter/trainer  cockpit  cooling  stimulated  the  recent  development  of  the 
Fighter  Index  of  Thermal  Stress  ^FITS)  (15).  From  a  simple  FITS  table,  flying  personnel  can  use 
Tdb,  g  an(*  Ido  °r  relative  humidity  to  estimate  heat  stress  in  low-level  flights  and  can  determine 
appropriate  protective  measures.  Although  FITS  is  aimed  primarily  at  training  situations,  similar 
estimates  of  stress  effects  may  someday  prove  useful  to  commanders  weighing  combat  operations  in 
hot  climates. 

MAN-ORIENTED  COCKPIT  COOLING 

The  current  desire  to  provide  only  a  minimum  of  cockpit  cooling  p~ses  an  important  question.  Should 

the  ECS  insure  thermal  comfort  for  aviators,  or  is  some  lesser  amount  of  cooling  acceptable?  Comfort 

is  usually  the  subjective  correlate  of  thermoneutrality,  and  is  therefore  more  than  a  luxury.  When 
body  temperatures  exceed  comfortable  levels,  thermal  tolerance  becomes  time  limited  due  to  gradual 
depletion  of  physiological  reserves.  Exposure  to  extremely  high  heat  loads  may  be  tolerated  for  up 
to  l*  min  if  conditions  return  to  comfort  immediately  thereafter,  but  in  aircraft  ground  operations 
‘he  15-min  period  is  often  exceeded,  and  cooling  after  takeoff  and  during  low-level,  high-speed 
flight  is  us> ally  less  than  tdequate,  so  elevated  Tco  persists  throughout  the  flight.  Furthermore, 
even  mild  heat  stress  is  probably  associated  with  decreased  tolerance  for  the  other  stresses  of 
flight,  including  acceleration,  hypoxia,  and  notion  sickness. 

New  ECS  designs  need  to  considei  the  aircrew  psychological  and  physiological  reactions  during  low- 
level  flight.  A  physiologically  based  specification  is  needed  that  requires  cooling  capacity  suf¬ 
ficient  to  maintain  Ts^  £  35  C  with  the  cockpit  in  full  sunlight  and  avionics  on,  with  allowance  for 

aircrew  clothing  appropriate  to  the  aircraft's  intended  mission.  The  Pw  should  be  £  20  torr,  and  air 

velocity  around  occupants  should  be  0.5  to  3.0  m/s.-  Avrcrewmembers  need  sufficient  Individual  con¬ 
trol  of  ECS  inlet  temperature,  flow,  and  direction  so  that  upper- body  skin  temperature  can  be  kept 
£  3b  C  while  foot  and  le0  temperatures  remain  >_  2Q  C.  Since  the  duration  end  intensity  of  heat  stress 
exposure  are  critical,  particularly  to  prevent  nonspecific  fatigue,  we  recommend  that  Tac  be  main¬ 
tained  below  38.3  C  for  flights  of  less  than  3h  and  below  37.7°C  for  flights  of  greater  duration  or 
repeated  sorties  totaling  3h. 

Adequate  design  and  testing  of  ECS  require  knowledge  of  aircraft  mission,  including  flight  profile, 
required  clothing,  and  crew  workload.  ECS  design  should  allow  for  "worse  case"  condition};  i.e., 
ground  operations  and  law-level,  high-speed  flight  in  hot,  humid  climates.  Where  cooling  capacity 
is  inadequate,  heat  can  become  one  of  the  factors  determining  training  limitations  and/or  combat 
casurlties,  especially  for  low-altitude  missions.-  For  this  reason  it  has  become  imperative  to 
develop  and  strictly  enforce  physiologically  sound  ECS  and  personal-cooling  specifications. 
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Fig.,  1..  Data  from  an  unmodified  oper<.ional  A-10  aircraft  flying  ever  desert.  Ground  conditions 

averaged  39  C  and  14%  relative  humidity.  Sky  was  clear.  Tac  =  auditory  canal  temperature, 
Tsk  (calf)  =  calf  skin  teupetature,  Ts^  (chest)  =  c>le8,:  skin  temperature. 
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Fig,  2.  Dat a  from  a  modified  operational  A-10  aircraft  over  desert.  Ground  conditions  averaged 

35°C  and  23%  relative  humidity.  Sky  was  clear.  See  figure  1  for  explanation  of  abbreviations 
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Fig  3.  Relationship  between  rear  cockpit  (Tjj,  rear)  and  front  cockpit  (T,jb  front)  of  F-4E  during 
low-level  flight.  The  temperatures  are  related  by:  T^t,  rear  *  16.77  +  .749  T^j,  front. 
The  coefficient  of  determination  was  0.59. 
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RESUME 

Du  point  de  vue  biomecanique,  X'homme  peut  etre  consider?  comme  u n  solide  deformable  sous  l'effet 
de  stimulations  mkcaniques  provoquees  en  particulier  par  le  vol  grande  vitesse  et  basse  alt4 tude.,  nais,  A 
une  stimulation  physique,  l'honme  fournit  une  reponse  physiologique.  Il  met  en  jeu  ses  masses  musculaires 
pour  lutter  contie  les  deformations  qui  lui  sont  4mposees.  Selon  le  degre  de  tension  de  la  mjsculature,  la 
rkponse  vibra to ire  du  sujet  presente  un  dephasage  plus  ou  moins  important  par  rapport  k  l'oscillation  qai 
donne  naissance  au  mouvement.  Les  deformations  finalement  observees  sont  la  r esultante  de  l'action  meca- 
mque  et  de  la  reaction  pnysiologique.  Cette  derniere  implique  une  contraction  musculaire  stride  k 
commande  nerveus.  like  par  consequent  k  un  certain  niveau  d'activation  des  centres  nerveux. 

Le  but  de  1' etude  est  de  mettre  en  evidence  une  grandeur  mecanique  susceptible  de  rendre  compte 
du  comportement  d'un  sujet  expose  aux  vibrations.-  La  grandeur  envisagee  est  la  masse  effective  (rapport 
complexe  de  la  force  dynamique  k  1 'acceleration) .  L' etude  est  effectuee  en  laboiatoire,  sur  un  primate  non 
humain,  grace  k  1 ' utilisation  d'un  capteur  de  force  et  d'un  acceleromktre  place  au  point  d'application  des 
forces.  Ainsi  k  1  'aide  de  mesures  totalement  exteneures  au  sujet,  on  objective  un  comportement  dynamique 
kminemment  variable  tout  au  long  d'une  meme  agression  vibratoire.  L' importance  des  variations  obtenues  sur 
les  paramktres  consideres  permettent  maintenant  d 'envisage r  1' utilisation  de  la  methode  pour  explorer  le 
comportement  global  de  1‘homme  expose  aux  vibrations. 


INTRODUCTION 

L'agression  vibratoire  mecanique  k  transmission  solidienne,  n'est  certainement  pas  la  moindre  des 
contraintes  subies  par  un  pilote  d'avion  d'arme  en  vol  k  grande  vitesse  et  basse  altitude,  que  ces 
vibrations  soient  engendrees  par  les  turbulences  atmospheriques  ou  les  variations  de  densite  des  masses 
gazeuses  traversees  par  1  'aeronef. 

Dans  de  telles  conditions,  les  vibrations  mecaniques  des  structures  de  l'appareil  sont  transmises 
intkgralement  au  pilote  qui  subit  cette  agression  sans  aucune  parade  physiologique  prealable.  Ilya  done 
dans  le  vol  k  grande  vitesse  et  basse  altitude  un  element  nouveau,  qui  s'ajoute  aux  contraintes  physiques, 
psychiques  et  psychologiques,  dejk  nombreuses  imposees  au  pilote.  Une  charge  de  travail  importante, 
exercee  dans  de  telles  conditions,  ne  permet  qu'une  adaptation  optimale  de  faible  duree,  avant  qu'appa- 
raisse  chez  le  sujet,  une  baisse  du  niveau  opkra tionnel  pouvant  elle-meme  conduire  k  des  fins  de  mission 
difficiles  sinon  dramatiques.. 


Le  but  de  1 'etude  est  de  mettre  en  Evidence  une  grandeur  physique,  mkcanique,  susceptible  de 
rendre  compte  du  comportement  d'un  sujet  expo:  £  aux  vibrations., 

La  grandeur  envisagke  est  la  masse  effective  (ou  masse  apparente)  qui  se  definit  comme  le  rapport 
complexe  de  la  force  dynamique  k  1  'acceleration.  Les  travaux  ont  ete  realises  cr,  iaboratoire,  sur  un 
primate  non  humain  de  faible  poids,  en  position  assise  sur  une  table  vibrante,  utilisee  sur  l'axe  z. 

La  masse  effective  est  mesuree,  grkce  k  l'utilisation  conjointe  d'un  capteur  de  force  et  d'un 
accklkromktre  place  au  point  d'application  des  forces.  L'dtude  de  la  quantification  de  l'energie  meca¬ 
nique,  absorbde  par  une  structure  biologique  est  abordke. 

Dans  le  cas  d'une  structure  mdustrielle,  pour  une  excitation  vibratoire  donnke,  la  reponse 
mkcanique  suit  une  loi  invariante  dans  le  temps  :  la  masse  dynamique  est  constante.  Dans  le  cas  d'une 
structure  biologique,  il  n'en  est  plus  de  mbme  :  a  l'aide  de  mesures  totalement  extkrieures  a.  sujet,  on 
objective  un  comportement  dynamique  kminenment  variable  tout  au  long  d'une  mkmc  egression  vibratoire.  Sur 
notre  animal  d' experience,  de  7  k  8  kg,  les  variations  de  masse  effective  sont  de  un  k  deux  kilogrammes. 
Cette  dynamique  permet  maintenant  d'envisager  l’utilisation  de  la  mkthode,  pour  explorer  le  comportement 
de  sujets  humains,  exposks  aux  vibrations  lors  de  vols  k  grande  vitesse  et  ba:se  altitude. 


LE  FAIT  EXPERIMENTAL 

-  Une  expkrience  simple,  representee  sur  la  figure  1  est  rkaliske  d“  la  faqon  suivante  : 


HJKJLW. ,i>ui,«wm..v.  iji,  ujujij^w 
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•■  Une  masse  exerce  une  force  de  20  newton  sur  u ne  balance  dynamique  (cspteur  de  force)  elle-meme 
fixAe  sui  un  qAnera teur  de  vibrations 

-  En  aoscnce  de  mouveaent,  pour  une  acceleration  de  pesanteur  constante,  il  existe  une  force 
statique  Mg  de  20  N. 

-  Pour  une  acceleration  sinusoidale  +  lg,  la  masse  exerce  une  force  apparente,  instantanee,  comprise 
entre  O  et  40  N. 

-  Un  amortisseur  place  entre  la  masse  et  la  balance  fait  apparaitre,  pour  une  excitation  identiqua 
de  +  lg,  des  forces  dynamiques  enregistrees  variables  ;  ce  sont  ces  variations  qui  son t  etudiAes .  Ainsi  four 
une  mime  acceleration,  une  variation  de  la  constitution  mAcanique  du  systeme  raideur-amortissement,  A  masse 
constante,  entralne  une  variation  de  la  force  dynamique  en  amplitude  et  en  phase. 


FORCE  ACCELERATION 


FIGURE  1 


HYPOTHESES 

L'hotme  en  t ant  que  solide  deformable,  subit  les  effets  de  stimulations  mAcaniques  qui  lui  sont 
transmises  par  1 'aAronef.  II  fournit  une  reponse  physiologiquement  adaptce,  notamment  par  la  mise  en  jeu  de 
ses  masses  musculaires,  pour  lutter  contre  les  deformations  qui  lui  son t  imposAes. 


Les  deformations  finalement  observees  sont  une  resultant -*  de  1 'action  mecanique  et  de  la  reaction 
physiologique.  Cette  resultante  est  une  grandeur  variable  qui  doit  etre  accessible  A  la  mesure. 


Les  vibrations  s'exergant  sur  les  structures  d'un  aeronef,  dans  la  configuration  de  vol  envisagec, 
sont  aldatoires  et  gAnAralement  de  basses  frequences.  La  lutte  physiologique  contre  les  vibrations  dans  ce 
domaine  de  basses  frequences  se  fait  par  la  mise  en  jeu  de  la  boucle  t  aprds  excitation  active  ou  passive 
du  fuseau  neuro-musculaire.  Cette  mise  en  activation  entralne  une  dApense  d' Anergic,  source  de  fatigue,  en 
rapport  avec  la  valeur  efficace  et  le  temps  d'applicaticndu  stimulus  vibratoire.  Dans  de  telles  conditions, 
1‘Atre  humain  se  conduit  comme  un  filtre.  11  introduit  un  ddphasage  dans  sa  reponse  par  rapport  A  1 'excitation. 

Cette  notion  a  donne  naissance  aux  premiers  model es  mecaniques,  systAmes  plus  ou  moins  complexes 
de  masses  ressort-amortisseurs. 


Ces  modAles,  trAs  largement  utilises,  font  toujours  actuellement  la  preuve  de  leur  mtAret.particu- 
+iArement  dans  le  domaine  de  la  determination  des  frequences  de  resonance. 

Mais  ces  montages  mAcaniques  qui  reprAsentent  1  'At re  humain,  coime  un  empilement  de  masses  suspen- 
dues,  ne  prennent  pas  en  compte  la  reaction  comportementele  des  individus.  Ces  modAles  sont  invariants  dans 
le  teaps.  L'application  de  forces  ou  de  dAplacements  sur  une  des  masses  du  modAle  entralne  une  rAponse 
u  i jours  identique  :  les  mAmes  causes  produisent  les  memes  effets.  Or,  chez  l'homme,  l’application  d'une 
force  produit  des  effets  diffArents,  selon  1 'A tat  de  tension  de  la  musculature  (rigiditA  du  sujet),  le  temps 
et  le  point  d 'application,  etc...  Les  modAles  mAcaniques  soumis  A  des  vibrations  simulent  bien  la  reponse 
dynamique  de  l'homie,  mais  ne  rendent  pas  compte  de  la  variation  de  catte  dynamique  en  fonction  du  temps. 
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Pourtant  cette  relation  represente  certainement  au  moins  un  des  elements  (dont  il  convient  absolument 
d'apprAcier  1 ' impo-tance,  do  la  dAsadaptation  dn  pi lota,  soumis  au  stimulus  vibratoire  du  vol  grande  vitesse, 
basse  altitude. 

PlacA  devant  une  structure  A  etudier,  1'ingAnieur  pose  une  sArie  de  questions  visant  A  determiner 
la  duree  de  vie  de  cette  structure  en  reponse  a  des  excitations  cormues, 

-  La  premiere  Atude  porte  sur  la  caracterisation  des  sources,  c’est-A-dire,  sur  1 'estimation  des 
frequences  excitatrices  et  leur  niveau  energetique  respectif  c’est  le  spectre  de  1  'excitation,  fonrtior,  de 
coordonnAes  spatio-temporelles. 

-  La  seconde  caracterise  le  systeme  vibratoire  (charges  propres,  charges  permanentes  exteneures, 
conditions  aux  limites,  etc — )  .■  Ces  paramAtres  ayant  ete  determines,  le  nombre  de  modes  propres  est  c  hoi  si 
dans  la  bande  d‘ excitation  la  plus  importance.  Ainsi  en  possession  des  caractenstiques  vibrai^ires  (dont 
certaines  comma  les  coefficients  d'amortissement  sont  fixes  a  priori  pour  un  premier  calculi,  la  t^ponse  du 
systAme  et  les  contraintes  dynamiques  sont  estimees.-  Bien  sur  les  hypotheses  de  stability  dyr.amique  et  de 
linearitA  (tout  au  mo, ns  au  premier  ordre)  sont  adoptees.- 

Cor.siderons  mamtenant  la  reponse  des  structures  biologiques  du  pilote.  Pour  evaluer  cette  reponse, 
le  biomecanicien  doit,  de  maniAre  tout  a  fait  analogue  A  celle  de  l'ingenieur,  entreprendre  deux  types 
d' etudes  : 

-  La  premiere,  porte  sur  le  niveau  energetique  des  frequences  excitatrices. 

-  La  seconde  caracterise  la  reponse  du  systeme. 

Mais  quand  le  systeme  operateur  est  un  organisme  vivant,  il  faut  considerer  les  points  suivants  : 

-  Le  coefficient  d'amortissemen"  n'est  pas  invariant  dans  le  temps.. 

-  La  reponse  d'un  operateur  biologique  en  oscillation  libre  n'est  pas  umvoque.;  La  valeur  du  signal 
de  sortre  depend  sans  doute  de  la  valeur  du  signal  d 'entree  A  1' instant  considere,  mais  elle  depend  aussi  de 
l'etat  du  systeme  operateur  A  cet  instant. 


ftiur  un  meroe  signal  d'entree  F  (t), 
car  la  pulsation  propre  m0 


la  reponse  sera  eminemment  variable  d'une  experience  a  l'autre. 


est  variable  car,  si  la  masse  m  de  la  stiucture  biologique  est  constante,  il  en  va  tout  differemment  de  sa 
"raideur"  k.  Pour  une  periode  d ' observation  de  duree  raisonnable  pour  un  biologiste,  c’est-A-dire,  pour  une 
variation  de  temps  suffisament  grande,  les  hypotheses  de  linearite  et  de  stability  dynamique  doivent  etre 
rejetees .  La  pulsation  a,  et  l'amortissement  A  restent  cependant  des  paramAtres  qu ,  caracterisent  la  qualite 
biomAcanique  de  la  reponse.  Dans  le  cas  d'un  organisme  vivant,  1-s  amortissements  ne  sont  pas  st  >  ictement 
visqueux,  et  les  ressorts  ne  sont  pas  lineaires.  Airsi  l'equation  bien  classique  de  la  reponse  A 'ur. ’Spring 
dash-pot" a  une  excitation  T* 


<1! 


devient  pour  un  operateur  humam 


Soulignons  de  plus  qu’une  telle  equation  ecnte  sous  forme  matricieile  i-plique  que  la  theone 
des  masses  concentrees  s ‘applique  avec  une  bonne  precision  :  ce  qui  a  ete  generalement  a dim s  mais  ne  semble 
pas  avoir  ete  demontre  lorn  de  la  mise  au  point  des  modeles  mecaniques  ;  (un  homme  peut-il  etre  unsi 
discretise) , 


On  peut  supposer  que,  dans  le  cas  des  structures  biologiques,  les  variations  en  fonction  du  temps, 
de  1  'AlasticitA,  de  l'amortissement  son t  des  tAmoins  de  la  fatigue  de  1  'organisme.  Si  tie  plus  cette  fatigue 
due  aux  vibrations  est  liee  A  la  quantite  d'Anergie  absorbee  par  1 'operateur  et  dissipee  par  celui-ci  dans 
ses  ressorts  (muscles,  systAme  ATP-myosme)  et  ses  amortisseurs  (systeme  osteo-ligamentaires)  alors  la 


grandeur  qu'il  faut  prendre  en  consideration  est  une  quantite  globale  de  travail  rap 
A-dire  une  puissance. 


ortAe  au  temps,  c'est- 


A  la  notion  d'effet  instantane  des  vibrations  mecaniques  sur  1 'homme,  qui  engendre  une  gene 
ponctuelle  (essentiellement  liee  aux  probl ernes  des  rAsonnances ) ,  il  nous  est  apparu  indispensable  de  faire 


Si  l'on  fait  une  mesure  de  la  reponse  glcbale  du  systAme,  alors  les  lois  regissant  les  vibrations 
des  structures  industrielles,  et  qui  sont  les  memes  pour  les  structures  biologiques,  deviennen t  trAs  facilement 
observables. 


Un  home  assis  (figure  2)  exerce  statiquement  sur  le  siAge  une  force  Agale  au  produit  de  sa  masse 
par  1 1 accAlAration  de  la  pesanteur  (g), 

Le  support  soumis  A  une  vibration,  presente  des  mouvements  qui  eng endrent  une  accAlAration  dite 
d'entrainement,  f.  La  force  devient  Agale  au  produitde  la  masse  par  la  some  des  deux  accAlArations  (de 
pesanteur  et  d'entrainement) . 


Si  le  sujet  amortit  les  vibrations,  il  presente  des  mouvements  rclatifs,  done  une  accAlAration 
relative,  v,  par  rapport  au  siAge.  La  force  globale  exercee  par  1' individu  sur  son  support  devient  Agale  au 
produit  de  sa  masse  par  la  son me  des  trois  accAlArations  (pesanteur, entralnement, relative) .  On  dAmontre  que, 
pour  un  systAme  masse-ressort-amortisseur,  la  force  globale  s'exprime  simpl ement  en  fonction  des  seules 
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accelerations  de  pesanteur  et  d' entrainement. 

Le  travail  d’une  force  est  egale  au  produit  scalaire  de  la  force  par  le  deplacement  au  point  d'appli ■ 
cation  de  la  force.  Ce  point  d' application  n'est  autre  que  le  si dge  du  sujet  dont  le  deplacement  est  connu 
(puisque  enregistrable) . 

Une  structure  soumise  a  des  oscillations  forcees  ne  devient  dvideimen t  pas  hyper  er.er  get  ique.  L'ener- 
gie  appliquee  est  soit  transmise,  soit  absorbee  et  dissipee  sous  forme  de  chaleur. 


9=  uccelehatkw 

DC  LA  PESANTEUR 

j  =  OPERATEUR 
IMACINAIRE 

m  =  MASSE 


f  s  COEFFICIENT 

D  AMORTISSEmEHT 

EaIsFREOUEMCE  IMPOSES 
<*^='REQUEMCE  PROPRE 


FIGURE  2 

Mais  un  hoimie  en  situation  d'activite  ne  se  contente  pas  genera  1  event  d'etre  un  passif  dissipateur 
d'energie  (figure  3).-  C'est  egalement  un  transforms  tear  d'energi  t  susceptible  de  faire  verier  ses  coatraintes 
internes  pour  lutter  con tre  le?  deformations  engendrees  par  les  vibrations.  On  peut  done  ameliorer  le  mode’e 
des  f litres  passits  par  l'adjonction  de  f litres  dynamiques,  en  montage  sene  et  parallele. 


FORCE  DEPLACEMENT 


SOL  IDE  _ *  T  DEFORMATION 


( 

AUGMENTATION  | 

DE  SES  CONTRAINTES  INTERNES _  -  dF 

’  Us 

I 

FATIGUE 


I 

DESADApTATlON  DE  L'MOMME 
A  SON  POSTE  DE  TRAVAIL 


FIGURE  3 

Les  figures  (4,a,b,c)  senematisent  un  tel  montage.  Physiologiquement,  la  masse  centrale  represen te 
les  vi scares  qui  se  conduisent  contne  des  f litres  passifs.  Ils  presentent  un  coefficient  de  surtension  en 
relation  avec  leur  suspension  ostdo-ligamentaire.  L'amplitude  des  mouvements  est  forcement  limitde  par 
1 ' enveloppe  musculo- squelettique. 

Cette  enveloppe  musculaire  striee  est  justement  representee  par  les  masses  ext ernes  qui  realisent  des 
filtres  dynamiques,  rejecteurs,  accordables  sur  les  frequences  d' excitation. 

Ouand  les  structures  sont  parfaitement  rigidifides  (limite  du  tetanos  physiologique) ,  le  vecteur 
acceleration  relatif  de  l'ensemble  est  un  vecteur  nul  (en  dessous  de  I  g)  et  le  module  des  forces  dynamiques 
est  maximum. 


•X 

% 


w 


Si  ies  filtres  rij ecteurs  physiologiquos  redevie.nnent  efficaces  (c'est-A-dize  mise  en  jeu  volontaire 
de  la  musculature  stride  squelettique)  pour  filtrer  le  ddplacement  vibratoire  engendre  par  le  support,  le 
module  de  la  force  dynamique  resultante  tend  vers  un  minimum. 


FIGURE  4 

Bien  entendu,  entre  ces  deux  valeurs  extremes  se  placent  toutes  les  possibilites,  selon  que  le  sujet 
plus  ou  , loins  rigide  filtre  plus  ou  moins  les  vibrations  appliquees  (ce  qui  est  reprc-sente  dans  la  figure 
(4  b)  par  un  couplage  plastique  des  filtres  rdjecteurs . 

Cans  de  telles  conditions,  la  force  dy namique  varie.  II  est  alors  possible  A  l'aide  d'un  accdlero- 
mdtre  et  d'un  capteur  de  force,  de  quantifier  en  N  x  m  une  dose  de  vibrations  absorbee  par  un  individu 
pendant  un  temps  t.  De  plus,  ayant  pose  1 ‘hypothese  que  la  variation  d 'absorption  dans  le  temps  de  cette 
energie  vibratoire  par  les  structures  biologiques  du  sujet  est  on  rapport  direct  avec  son  etat  de  tom  cite 
musculaire,  nous  nous  proposons  de  verifier  ces  affirmations  par  1' analyse  des  signaux  force  et  acceleration 
au  point  d'application  des  forces. 

METHOVOLOG1E 

L'dtude  prdalable  est  realisee  en  laboratoire  sur  un  primate  non  humain,  babouin  de  6  A  8  kg. 


L'animal  assis  dans  un  sidge  de  contention  est  soumis  A  une  excitation  vibratoire.. 

La  vibration  engendrde  est  gdneralement  un  signal  sinusoidal  pour  1 ' dtude  des  effcts  de  la 
contraction  musculaire  et  un  bruit  blanc  A  bande  Atroite  pour  les  etudes  de  traitement  de  signal 
(Transformde  de  Fourier,  fonction  de  transfert,  fonction  de  coherence) . 


La  frequence  de  resonance  d'un  animal  de  6  A  8  kg  a  etd  estimee  en  fonction  des  considerations 
suivantes  : 

-  La  frequence  de  resonance  global e  d'un  sujet  humain  est  d'environ  3  Hz  (variable  selon  l'etat 
de  conscience  ou  de  rigidite  de  1 ' individu) .  Au-delA  de  30  Hz  (10  fois  la  grandeur  fondamentale) ,  on 
n'observe  plus  que  des  frequences  de  resonance  interessant  des  organes  tr As  particuliers,  (exenple  :  le 
globe  oculaire) ..  En  prenant  arbitrairement  une  "raideur"  identique  chez  l'homme  et  le  singe,  on  apprec le 
la  frequence  de  resonance  de  ce  dernier  par  simple  rapport.; 

2  — 

f2  it  N  )  ...  601  2  N  :  frequence  de  resonance  de  l'homme 

- —5 -  -  8,2  Hz  „  .  _ ..........  ...  ... _ 
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:  frequence  de  resonance  de  l'homme 


Ns  :  frequence  de  resonance  du  singe 

masse  de  l'homme  :  (O  kg 
masse  du  singe  :  8  kg 


Ainsi,  en  travaillant  dans  une  bande  de  bruit  de  0  A  lOO  Hz,  on  etudie  la  rdponse  physique  de 
l'animal  jusqu'A  la  10e  harmomque. 

Une  telle  dtude  impose  : 

-  Un  capteur  de  force  placd  en  serie  entre  le  support  vibrant  et  le  siAge  de  contention  de  l'animal 

-  Un  acceldromdtre 

-  Une  instrumentation  ndeessaire  A  la  creation  du  signal  vibratoire  excitant  l'animal.  Tete 
d 'excitation  Bruel  et  Kjaer  4808 

-  Un  ensemble  de  conditionnement  des  signaux  acquis 

-  Le  traitement  ar  tlogique  et  numerique  des  observations  rect^illies  : 


Traitement  analogique  : 

-  calcul  en  temps  reel  de  l'dnergie  effective,  en  utilisant  deux  mt&grateurs 
et  tin  multiplicateur  tel  que  : 


f1 


displacement 
vi tesse 


s-u 


] 


-  Les  vjii'ur.'!  i'//'i«Mcv.s  iff  i  '.u-crJiTti tio/i  i*f  de  iu  /orci*  ,*/>r«\s  /i/trtii/i*  </i\s 

rnin/os.inf  fN  ronfimios,  c <i/»rf.s  .jvoir  /.lit  imi  do 

1 'accelerat  ion  de  poAvi/if.f  ur  ft  i/u  fxiids  iff 

-  Le  trrfitement  num^rique  dtudie  : 

-  f.i  mass*'  dqnamique  i/f  7 'a/iim.ii ,  <*n  If  rappm  t  il,<s  Tratn>formeex  r/«  • 

f*ourit»r,  tics  siqnaux  force  et  acceleration  (l'onction  tie  t  rannfert  F/y ) 

-  it-  dephasaip1  force  vi  tessf 

-  la  puissance  mecaniquo  absorbe*'  {Kir  1 'animal. 


PROTOCOLi:  EXPERIMENTAL 

-  NlUt:  All  I'dlNT  P'UN  HIFCF  DF  i'ONTFNTION  (F1CUHF  L) 

La  fornii'  du  nieqe  conditions'  la  ;josj  t  ion  tic  J  'animal  sou  mi  s  a  /  'ant  cssion  vibiatoi n  . 
(Vttf  po'.ition  doit  et  re  la  plus  pbqsioUni  itpie  /xissJJ’if.  Jl  est  neccssaire  d'evitcr  la  survenuc  do 
contractions  muxculai  res  A  viueen  antalqi<iu<>s  r/iii  pfrf  urlif  r.uVnf  qiavement  I’etudc.  I.e  buste  de  1‘ animal 
est  relat  ivement  stabilise  fniur  eviter  les  mouvemonts  de  i/ratnle  ampl  it  utle,  part icul  it'-reinent  flans  1  os 
di  rect  ions  antero-piwt  frieures,  lat  ern- lateral  os  et  les  mnuvement  s  do  rotation.  1. 'animal  /tout  faire  t^opnset 
ses  mctnbios  sur  un  plan  dur .  t.a  fr*'quence  do  resonnance  du  .si«V/f  se  situ*'  loin  tie  la  ftequeiu'e  </«*  rcsaiu.i/HV 
alobale  tin  sinqe.  Constru.it  fii  NIDA  FT  PFblNL  FROCUAL  I.Y  *h»0,  il  ne  presente  pas  de  mode  de  vibrations 
enqctulrant  dos  stimuli  vibratoir* •  st'eondai  re  dans  la  bande  sonore  •  *  ii  infr.isonore,  et  s*i  frbtfuenec  propre 
cut  suf>e?  ionre  FO 


FIGURE  5  FIGURE  6 


-  LA  TABLE  V1HRANTF  Fl.ECTh'ODYNAMlOFF  (FlCPh'F  e » , 

Cost  urn*  t.iMo  Hrufi  et  Kjaer  type  Jilt*  "Biq  n*\i<i  Table "  insoroo  dans  ui,e  IhwcIo  fie  rouu- 
lation ,  qui  t'omprend  un  qeneratt'ur  de  fonet  ion  typ,-  lO.'o,  un  ampl  i  f  icateur  do  puissanc*'  (  i;;)i>  17  OH,  un  «i<vf- 
ifroir^trf  4332,  i m  arnpl  i  fic.tf  t»ur  roridi  f  ionneur  tqpe  loin.  I. 'excursion  total*'  de  la  table  (creto  A  ereto) 

es t  de  ! '*  mm.  U>rsqu'on  desir *»  faire  vihrt'r  une  strw  tutf  materiel  le  (un  animal  flans  notro  etutle)  <J«»  M 

sous  uiif  .icci'JiVaMon  y,  I**  tore*'  requis e  est  F  *  My.  Mais  il  f.mt  ffnir  »v»mptf  fij.iJt'njf/if  «/*'  la  sommf  dt's 
masses  iff  1  't'quipaqe  inobile,  moip'ns  de  contention  de  1 'animal,  plateau,  eapteurs  de  fore*-  etc... 

Or  Ja  force  dynamique  limit t*  de  la  table  est  de  17BO  N, 
so  it  .*  1 7  SO  ~  y  (M  +  F  nc  ) . 

11  ex  istf  done  de  s  liviites  physiques  *le  1  ’ensvmbl*1  en  fonct  ion  de  la  fu'quetice. 

Four  les  frotjuences  int  er  leures  A  lO  Hi,  d'autres  tacleurs  doivent  etre  prin  en  compt «;  .  4  fi  dtpla- 
Cemont  par  exemple,  doit  I'trf  maintenu  au~d*‘ssous  de  f*>  mm,  *'*cst  pour  qu <•  /  •>n>bilo  nVnfrf  pas  on 

^intact  avec  les  butf'es  dc  1  imit  at  ion  iff  fin  de  i\>t  irsf.  Kntrf  10  et  HX)  II?,  ce  son  t  les  qrawieurs  el  ect  t  npies 
maximales  admissiblvs  (courant  de  41  A)  qui  tntervienm'nt . 

/>  *  experience  .»  roo/jtr*’  que  la  seule  immobilisation  de  1  'ensemble  vibiatoire,  1  iee  unufuement  au 
de  1'apfHiteil  ka)  f.iis.iif  apparal  t  r«*  <h‘S  froquenees  do  resonaiu-o  para.,it*‘S  aux  #»m /irons  de  11  It/  et 

de  11  Hr..  Cost  ftourquot  il  a  ete  nect‘ss.tite  d  'auiim*  rtt  e  r  la  fffci.s.sr  fof.iJc*  vihr.it  oire,  par  ad  jotie  t  ion  d'une 
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masse  sismique  de  4  tonnes  de  biton.  Dans  cette  masse  on t  ete  noyees  des  poutrelles  de  fez  soudees  en  croisil- 
lons  et  immobilisees,  de  telle  sozte  que  la  base  du  pot  vibrant  soit  paztaitement  honzontale.- 

Ainsi  la  nouvelle  frequence  de  resonance  de  1 'ensemble  se  situe  en-dessous  de  1,5  Hz,  c'est-a-d ire, 
tres  en  deck  de  notre  gamme  de  travail . 

Dans  les  conditions  normales  d '  utilisation  ; 

-  la  masse  du  capteur  de  force  installee  sur  la  tete  d'excitation  est  de  20  kg, 

-  la  masse  de  1  'animal  est  approximee  a  F  kg, 

-  la  masse  du  siege  est  de  4,250  kg. 

Soit  une  charge  totale  de  320  N  (approx. ) . 

Com ne  1 ' acceleration  maximale  (crete-crete)  ne  sera  jamais  s uperieure  a  0,5  g  dans  no tre  experience, 
pour  evi ter  que  la  tete  d ' excitation  ne  vienne  en  butee  sur  le  silent-bloc  et  detruise  ainsi  le  capteur  de 
force,  la  force  maximale  developpee  par  le  pot  vibrant  a  ete  ramenee  a  1000  N  (disjonction  au  deli  de  cette 
valeur) . 

-  LE  CAPTEUR  DE  FORCE  (FTGURES  7  ET  8) 

Realise  en  AU  4C,  i  1  se  compose  d'un  plateau  superieur ,  d'un  plateau  mferieur,  de  trois 
ailes,  d'une  plaque  mferieure  et  de  trots  dgnamometres. 

Entrs  las  deux  plateaux  sont  pns  en  sandwich,  les  trois  dynamometres  don t  les  corps 
d'ipreuves  supportent  des  jauges  a  semi-conduct 'urs  Elies  delivrent,  par  1 '  intermedia  ire  d'un  pont  de 
jauges,  des  tensions  proportionnelles  aux  forces.  La  sommation  analogique  des  trois  dynarmmetres  donne  la 
force  •’ obale  exercee  sur  le  plateau  supezieur. 

La  plaque  fixee  au  centre  du  plateau  superieur  permet  par  demontage  rapide,  de  fixer  un 
accelerometre  dans  la  caviti  centrale. 

Les  trois  elements  sensibles  sont  des  capteurs  de  force  modele  N.T.C,  fabriques  et 
commercialises  par  la  Societi  F.G.P.  Instrumentation  ;  les  caracteristiques  montrent  : 

Une  etude  de  mesure  :  100  daN 

Derive  en  temperature  :  0, 1  %/°C 

Fleche  sous  charge  :  0,0254  mm 

Frequence  de  resonance  :  5,5  KHz 

Chaque  clement  sensible  constitue  un  pont  de  gauge  complet.  Les  signaux  obtenus  sur  les 
elements  ur.itaires  sont  amplifies  au  niveau  d'un  premier  et  age  constitue  de  t-OiS  amplificateurs  analogiques 
d' instrumentation  A  entries  differentiel  1  es , 

La  sensibilite  est  particuliere  a  chacune  des  voies..  Le  gain  des  amplificateurs  a  ete  adapte  pour 
que  le  niveau  nominal  de  chacun  des  capteurs  de  force  du  tripode  a  1 'entree  de  1'itaga  suivant,  soil  t res 
exactement  a juste  A  lOO  mV/daN 

L'etage  suivant  est  constitue  d'un  sommateur  sur  les  entrees  auxjuels  ^ont  connectes  : 

-  les  trcis  elements  unitaires  du  capteur  de  force, 

-  les  contre  tension  de  -  compensation  statique 

-  compensation  dynamique 

Au  niveau  du  sommateur,  un  preamplificateur  A  gam  variable  permet  l'ajustement  du  zero  electrique. 

La  compensation  statique  est  rialisee  grace  A  l'ajustement  potenticmetnque  d'une  contrc  tension 
dont  la  valeur  absolue  est  egale  A  celle  qui  represente  la  valeur  des  masses  plccces  sur  le  capteur  dc  *orce.. 
D’autre  part,  la  fixation  du  siege  de  contention  sur  le  plateau  superieur  du  capteur  de  force  se  fait  par 
boulonnage  serre  de  ces  deux  elements.-.  Une  telle  solidansation  cree  des  contraintes  dans  le  metal.  Elies 
sont  enregistrees  au  niveau  des  elements  sensibles  du  capteur  de  force  comme  une  tension  continue  (letlet 
des  inevitables  disparites  mecaniques  d'usinage) ..  Cette  tension  continue  est  annulee.  Dans  le  cas  contraire 
elle  interdirai t  1 ' utilisation  du  tiroir  calcul  par  mise  en  saturation  des  integrateurs.. 

La  compensation  dynamique  a  pour  but  d 'ehminer  les  forces  dynamiques  stables,  e'est -a~dire,  celles 
qui  ne  sont  pas  liees  aux  variations  d'amortissement  d'origine  biologique.  (Elles-memes  en  rapport  avec  les 
accelerations  relatives) . 

Cette  compensation  est  realisee  en  multipliant  la  valeur  des  masses  statiques,  (appropriation  du  gam 
d’un  amplificateur  aux  masses  A  compenser )  par  1 'inverse  de  la  valeur  de  1 'acceleration. 

Ainsi,  tout  element  regie  (zero  micanique  -  zero  electrique) ,  la  wise  en  route  du  plateau  viorant, 
quelles  que  soient  la  frequence  et  i 'acceleration  choisies,  doit  delivrer  une  tension  nulle  en  sort  e  de 
sommateur. 

Dans  de  telles  conditions,  les  tensions  obtenues  apres  sormation  representent  des  variations 
d' accelerations  relatives.  Le  gam  de  ce  signal  dynamique  est  ajjsti  A  too  mV/daN.. 


wjiuji  .  u'*i- » i  4j.iujr*i  jj  j  w  m** , 


srwij?  •  ■  'wu>!  rri-r' 
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FIGURE  7 


FIGURE  8 


-  V ACCELERATION  AU  POINT  D' APPLICATION  DBS  FORCES 

les  considerations  suivantes  ont  fait  pur tar  notre  choix  sue 
accel erometnques  piezoresistifs  (type  ENTRAN  ECG  5 00  OS  lO)  : 

-  Impedance  de  sortie  faible. 

-  Ron  rapport  si gna ’ /hr u i t . 

-  Facilitc  d ’eta tonnage. 

-  Stabilite  en  temperature. 

-  Excellent  comportement  en  cas  de  surcharge 


I 'utilisation  des  capteurs 


Cette  derniere  car actenstique  est  t res  im/iortante  dans  le  cadre  de  cctte  etude.  Il  ost, 
bien  sur  important  de  travailler  au  maximum  de  la  dgnamigur  du  capteur  pour  optim.ser  le  rapport 
bruit  Or,  nous  avons  dejA  souligne  qu’en  biologic,  les  systems  no  sent  pas  dgnami  piemer.t  stables ■  Cec 
signifia  qn'A  tout  instant  les  accelerations  infligees  par  1 'animal  au  capteur  peuven t  non  ^uicmcnt  et  e 
supdrieures  A  leur  valeur  maximale,  mais  peuvent  prendre  l'allurc  de  chocs.  Ncus  senons  aJors  obliges  dc 


1  I  »  wr?w/V’*Tpjrv^-  >,v\5r-^gY« 


^^PRtR^*! 
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travailler  a  bas  niveau  avec  des  capteurs  a  grande  dynamique,  done  avec  un  mauvais  rapport  signal/brui . 

L'arcelerometre  utilise  optimise  ce  rapport  pour  une  et endue  de  mesure  de  10  g  (deplacement  de  2  mm 
Crete  A  Crete  a  SO  Hz,  sinus )  tout  en  admettant  un  depassement  sans  deterioration  de  plus  de  10  fois  sa 
valeur  maximale. 

Le  signal  accelerometrique  conditionne,  etalonne  a  100  mV/m/s  *  est  alors  disponible  selon  deux  modes 
(non  exclusi fs)  : 

-  Enregistrement  sur  magnetique  d 'instrumentation. 

-  Poursui  te  en  hgne  du  traitement  du  signal  accelerometrique  (integrations  repetees  pour  obtention 
de  la  vitesse  et  du  deplacement  du  capteur  de  force). 


Les  valeurs  efficaces  de  ces  troir  parametres  (acceleration,  Vitesse,  deplacement  sont  disponibles 
A  chaque  et  age,  io.it  en  phase,  so  it  en  inversion  de  phase. 

Le  traitement  numenque  du  signal  n'appelle  pas  de  remarque  particuliere  puisqu'il  est  realise 
"en  hgne"  apres  agurtement  des  niveaux,  par  analyse  en  temps  reel  sur  analyseur  "Spectral  Dynamics  360". 


Des  lors,  l'etalonnage  du  montage  experimental  est  le  suivant  : 

a)  -  Etalonnage  de  la  chatne  d'excitation  B  et  K 

-  Etude  du  spectre  du  signal  vihratoire  en  mode  sinusoidal  ou  en  hande  de  bruit  de  100  Hz. 

-  Etude  de  la  regulation  par  compression. 

-  Etude  des  acceleromdtres.. 


b)  -  Etalonnage  de  la  mesure  d'une  masse 

-  Etalonnage  du  capteur  de  force 

-  Etalonnage  statique  :  apres  mise  en  place  de  masses  marquees  sur  le  capteur  de 
force,  les  forces  enregistrees  sont  comparees  A  celles  qui  sont  exercees  par 
les  masses  connues  (etalonnage  statiquej . 

-  Etalonnage  pseudo-statiaue  :  observation  de  1 'evolution  de  la  valeur  moyenne 
de  la  force  developpee  par  une  masse  connue,  soumise  a  un  deplacement  recti- 
ligne  sinusoidal 

-  Etalonnage  dynamique  :  differentes  masses  marquees  sont  placees  tour  A  tour 
sur  ie  plateau.  Un  mouvi ment  rectiligne  sinusoidal  asservi  sur  l  'acceleration 
est  appliquee  A  la  masse.  Les  forces  dy namiques  corresponc.au tes  sent  enregis¬ 
trees  en  function  du  temps.  „eurs  valeurs  efficaces  son t  relevees. 

c)  -  Stabilite  des  r£sultats  en  condition  normale  d'uti lisation 

-  Une  masse  connue  est  sen  ise  A  une  nbrat.-on  dont  1 'amplitude  de  1  'acceleration  est 
determir.de.  Les  valeurs  enregistrees  sont  comparees  aux  valeurs  calculees. 

d)  -  Etude  de  la  masse  dynamique 

-  Mesure  du  rapport  de  la  force  instantanee  A  1  'acceleration  mstantanee  d'ur.e  masse  de 
valeur  connue,  placee  au  centre  du  plateau.; 

Les  moyens  mis  en  oeuvre  pour  etudier  les  variations  de  masse  dynamique  et  de  1 'absorption  de 
l'enerqie  vihratoire  d'un  animal  en  fonction  de  son  niveau  de  t omcite  musculaire  son t  decrits  dans  le 
rapport  N°3399  EASSM/CERMA/RCCH  (1979)  (0UAND1EU  et  coll.).  La  coherence  de  ert  ■  nsemble  etant  prouve, 

1 'experimentation  animale  s'effectue  selon  le  protocole  suivant  (figure  9)  : 

-  Anesthesie  de  l'anima -  A  la  bet  amine. 

-  Fixation  de  l'ammal  sur  le  siege  de  contention. 

-  Fixation  du  siege  sur  le  capteur  de  force. 

-  Branchement  de  1' appareill age  mecanique  et  electronique. 

-  Atte~te  d'une  heure  pour  obtenir  la  stabilisation  en  temperature  du  montage  electnque 
et  electronique. 

-  Vibration  de  l'animal  conscient,  puis  anesthesie  en  f in  a'expenence  avec  enregistrement: 

-  de  la  force  dynamique, 

-  de  1' acceleration  au  point  d'application  des  forces, 

-  de  la  masse  dynamique, 

-  de  la  fonction  de  transfer t  (en  module  et  en  phase), 

-  de  la  fonction  de  coherence. 

L‘ experience  est  suivie '\en  conti mi'  par  enregistrement  analogique  sur  enregistreur  papier  GOULD  2600. 

L' enregistrement  sur  magnetique  analogique  perme t  de  calculer  en  differe  1 'energie  absorbee  A  partir 
de  la  fonction  d' intercorrdlation  force  vitesse. 

RESULTATS  -  INTERPRETATION 

En  prealable  A  1 'experience,  on  a  realise  sur  un  animal, A  titre  de  verification,  une  etude  de 
transmissibilite  de  1' acceleration  du  siege  vers  la  tete,  La  fixation  de  1 'accdieromdtre  sur  la  voute 
crAmenne  est  realisee  tres  classiquement  par  s olidansation  du  capteur  avec  du  ciment  dentaire  (Tex tori) 
colie  et  visse  sur  la  table  externe. 


Les  enregistrements  10  et  10  bis  pvdsentent  les  transmissibilitds  obtenues  chez  un  animal  eveilie, 
puis  chez  le  mdme  animal  anesthesie  au  Nembutal  IV  excite  en  bande  de  bruit  de  zero  A  I OO  Hz.- 

Le  trace  mfeneur  reprdsente  le  module  de  la  fonction  de  transfert,  le  trace  superiejr  la  phase. 
L'ar.imal  eveilie  se  cejnporte  effectivement  comme  un  f litre  passe-bas  dont  la  diminution  d'amplitudc  A  3  dB 
se  situe  tres  grossidrement  vers  60".  Apres  anesthesie  s'mscnt  une  resonance  vers  15  Hz  qui  n'apparaissait 
pas  clair&nen t  dans  le  cas  de  l'animal  to nique.  Ceci  montre  bien  que  le  filtrage  realise  par  l'animal  vane 
selon  que  ce  dernier  est  eveilie  ou  endormi On  constate  d'ailleurs  une  variation  de  la  pente  de  la  phase. 


sans  gue  ’.'on  puisse  dans  l'avancemant  actuel  de  nos  travaux  precisei  s'il  existe  une  relation  entre  modul 
et  phase.. 


FIGURE  9 


FIGURE  10 
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FIGURE  10  BIS 

Dans  le  cas  particulier  de  ces  etudes  de  transmissibilite,  une  telle  relation  est  particul lerement 
delicate  a  mettre  au  point  cai  le  module  est  directement  fonction  de  1  'angle  d’  •  nclmaison  des  deux  accele- 
r ometres  par  rapport  a  la  direction  privilegiee  de  1 ‘espace. 

Dans  1 ‘etude  de  la  masse  dgnamique,  les  deux  capteurs  (capteurs  de  force  et  accelerometre),  sont 
situes  au  meme  endroit..  De  plus,  ils  sont  so lidaires  l‘un  de  1 ‘autre.  Cette  etude  du  rapport  complexe  de 
ia  force  £  1' acceleration  pent  sc  faire  £  frequences  variables  ou  a  frequences  fixes. 

L  ‘etud“  a  frequence  variable  de  la  mass dnnamique  du  siege  de  contention  charge  par  une  masse 
marquee  de  7  kgs  est  prealabl ement  effectuee.  Elle  a  pour  but  de  verifier  la  validate  des  mesures.  he  signal 
d 'excitation  est  une  bande  de  bruit  de  largeur  100  Hz  (figure  11).  La  masse  dgnamique  est  oM.ni.ea  faisant 
le  rapport  des  Tr^nsformees  de  Fourier  des  signaux  force  et  acceleration  (fonction  uc  transfer!  /Y>- 
constate  que  le  module  de  la  masse  dgnamique  (trace  mferieu-)  est  constant  en  basse  frequence.:  A  60  Hz, 
il  existe  une  augmentation  de  1  dB  qui  prouve  1‘ amorce  d'une  resonance  de  ce  gsueme  merte  mtervenant  au 
del  a  de  100  Hz. 
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FIGURE  11 

L'enregistrement  reprdsente  sur  la  figure  12  donne  le  graphe  de  la  masse  dgnamique  d'un  babouin 
anesthdsid,  mai ntenu  dans  le  sidge  de  contention  en  fonction  de  la  frequence.  Ce  qui  est  effectivement  note 
CestenfaiT,  le  rapport  70  log  (Fly  En  e.fet,  les  grandeurs  gui  sont  effectives  purees, 

sont  des  tensions  respectivement  representatives  des  force  et  acceleration. 

La  sensibilitd  choisie  du  capteur  de  force  est  de  10  mV/hgt- 


On  en  ddduit  que  : 


F  (volt) 


k  =  2t_ 

K  Q .  arte 


Vo  1  t/N 
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De  meme,  1  ~i  sensibilite  de  1' a' ■-micrometre  est  de  1  V/q .- 

On  en  dAduit  gue  ^ 

Y  elect  (volt)  =  k'y  k'  =  —  volt/m/s 


Am  si  : 


20  iog 


F  (elect) 
y  (elect) 


20  log  -p-  0,  J  £• 


On  voit  gue  : 


Alors  : 


20  log 


F  (elect) 


y  (elect) 
20  log  0, 1 


et 


=  +  4  dB  A  15  Hz 

=  4 

=  15,8  kg 


Cette  masse  comprend  aussi  bien  sur,  ia  masse  du  siege,  celle  du  plateau  supeneur  et  une  partie  de 
celle  des  elements  sensibles  du  capteur  de  force., 

Cette  masse  "siege"  est  dAterminAe  de  la  meme  fagon,  A  partir  du  graphe  obtenu,  en  etudiant  la  masse 
dynamique  du  siege  non  charge .  La  masse  "si Age"  ainsi  Avaluee  est  comprise  entre  9,3  kg  et  9,5  kg. 

Dans  ces  conditions,  A  15  Hz,  la  vale ur  de  la  masse  dynamique  du  siAge  est  Agale  A  15,8-9,4  =  6,4  kg, 
alors  meme  gue  la  masse  statique  de  l'ammal  est  de  l'ordre  de  8  kg., 

Aux  frequences  AlevAes  le  rapport  F  decroit.-  Il  atteint  sur  le  trace  une  valeur  de  0  dB  (20  log 
0,1  F  =  0  dB  =>  F  -  10  kg)  vers  70  Hz.  y  L'ammal  filtre  alors  parfaitement  les  vibrations <  La  masse 

Y  Y 

dynamique  tend  vers  zAro.  L'amplitude  ere te  A  Crete  de  la  force  exercee  par  1 'animal  sur  son  suppor t  decroit 
comme  sur  le  dernier  trace  de  l'enregistrement  du  fait  experimental  (figure  1).  Une  decroissance  appa rente 
de  la  masse  dynamique  est  observAe  en  dessous  de  5  Hz.  La  chute  de  la  fonction  de  coherence  dans  cette  bande 
de  frequence  (0  A  5  Hz)  indique  clairement  la  non  validite  de  la  mesure.,  En  effet,  un  systeme  d  'excitation 
electrodynamique  ne  permet  pas  1  'exploration  des  frequences  infeneures  A  4  ou  5  Hz.  En  reahte,  comme  un 
filtre  passe-bas,  A  trAs  basse  frequence,  la  masse  dynamique  tend  vers  la  masse  totale  du  systeme,  environ 
17  kg  (+  4,6  dB). 


Dans  l'Atude  A  frequence  fixe,  le  signal  d'excitation  est  sinusoidal  A  15  Hz,  done  dans  une  zone  de 
rAponse  de  1  'animal  (cf.  figure  12)  et  dans  une  zone  oil  l'amplitude  de  la  reponse  du  ciAge,  en  fonction  de 
la  frequence  est  constante  (cf.  enregistrement  n 0  11 ) . 


Les  expAriences  son t  menAes  conformAment  au  protocole  citA  ( page  B9-6)  : 

-  AnesthAsie  douce  de  l'animal  A  1'imalgAne  mtiaveineuse  (7,5  mg.kg). 

-  Mise  en  place  du  babouin  dans  le  siAge  de  contention. 

-  Attente  une  heure  *  eveil  de  1 'animal  avec  stabilisation  en  temperature  de  1 'electro- 
nique. 

-  La  durAe  dc  1  'exposition  aux  vibrations  est  variable  selon  l'etat  de  nervosite  de  l'animal 
(gAnAralement  de  une  A  trois  heures). 

Les  valeurs  efficaces  de  1 'acceleration  et  de  la  force  sont  tracAes  aprAs  filtrage  des  composantes 
continues,  reprAsentAes  par  1'accAlAration  de  la  pesanteur  et  le  poids  de  l'animal..  L '  etalonnage  de  la  force 
efficace,  effectuA  en  fin  de  manipulation  ( figure  131  est  obtenu  en  remplagant  1  'animal  par  des  trasses 
marquAes  de  2,  3,  4,  5  kg  etc...:  Cette  fagon  de  procAder  nous  permet  de  dAduire  la  valeur  de  la  masse  effective, 
exprimAe  en  kg  A  partir  de  l'enregistrement  de  la  force.  Nous  parlerons  ainsi  mdifferemment  de  force  ou  de 
masse  dynamique,  puisque  1 'accAlAration  est  maintenue  constante  tout  au  long  de  1 ' expArience.  Le  d  phasage 
force-vitesse  est  Agelement  relevA  ainsi  gue  la  puissance  mAcamque  absorbAe  par  l'animal.  Plus  prAcisement,  4 

_ i 
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on  calcule  la  valeur  de  la  fonction  d' intercorrelation  force-vitesse  prise  a  l'ongme  des  ten,ps. 

T 


--'■I  / 


2  fit)  v(t-U  dt 


-  T 

2 


Si  f(t)  et  v(t)  so nt  les  forces  et  les  vitesses  instantanees,  alors  : 

,+  T 

2  f(t)  v(t)  dt 


Cf.v  <°'T)  =  T 


'  / 


-  T 

2 


est  la  puissance  moyenne  absorbee  par  le  system a  pendant  le  temps  T. 


FIGURE  13 

La  figure  14  mootre  les  resultats  obtea-is  cbez  un  babouin  soumis  a  une  agression  vibratoire  sinus, 

15  Hz,  de  0,20  g  efficace..  On  observe  d'embhe  quo  la  masse  dynamique  de  l'ammal  vane  entre  3  kg  et  6  kg, 
done  une  variation  de  3  kg  uniquement  en  relation  avec  son  etat  de  contraction,  Cette  grandeur  est  ext remement 
importante  au  regard  du  poids  statique  de  l'ammal  egal  a  «  kg,  S'll  se  comportait  comm '  un  bloc  rigide,  une 
bnque  de  8  kq  par  exemple,  la  masse  dynamique  serait  evidemment  constante  et  eg  ale  a  8  kg.  L'allure  1  egere- 
ment  ascendante  du  trace  de  la  force  efficace  merite  d'etre  remarquee.  Bile  ne  s' accompagne  pas  d'une  modifi¬ 
cation  appa rente  du  comportement  de  l'ammal  :  posture,  tonus,  etc...  La  mesure  est  probablement  plus  fine 
gu'une  observation  visuelle.  Une  etude  tres  interessante  est  celle  qw  met  en  relation  la  puissance  absorbee 
par  l'ammal,  la  masse  efficace  et  le  dephasage  force-vitesse •• 


FIGURE  1 4 
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Sur  la  partie  du  trace  notee  1,  on  constate  une  augmentation  de  la  puissance  absorbee  en  relation 
avec'  une  baisse  du  dephasage,  la  force  efficace  et ant  relativement  constante.  Dans  la  partie  notee  2,  la 
puissance  absorbee  dimmue  en  relation  avec  une  baisse  de  la  force  efficace ,  le  dephasage  reste  relativement 
constant .  Dans  la  partie  notee  3  (figure  15),  la  force  dimmue,  la  phase  diminue,  les  deux  uffets  sont 
opposes ,  1  ' erergie  dissipee  vane  peu. 

Dans  le  cas  ou  l'animal  est  d'une  taille  suffisante  pour  gue  ses  pieds  prenr.cn t  appui  directement 
sur  la  table  vibrante,  il  apparait  une  diminution  t res  importante  de  la  masse  dynamique  qui  tombe  a  2  kg. 
L'animal  filtre  alors  t res  bien  les  vibrations  a  1 'aide  de  ses  menbres  mferieurs,  alors  gue  la  puissance 
dissipee  tombe  a  120  mW  et  que  le  dephasage  force-vitesse  augmente. 

Le  resultat  le  plus  evident  de  cette  experience  est  gue  les  hypotheses  stnctement  mecaniques 
concernant  1 ‘ utilisation  d'un  accelerometre  et  d'un  capteur  de  force  pour  tester  en  continu  et  a  1 'exterieur 
le  tonus  musculaire  d'un  mdividu  soumis  a  des  vibrations  sont  parfaitemen t  ver i  * : ties . 

Let  variations  de  la  masse  dynamique,  d'un  animal  de  faible  poids  soumis  a  des  oscillations  de 
faible  cnergie  sont  importantes  (environ  deux  kilogs  dyr.amiques  pour  8  kg  statiques ,  II  est  (one 

parfaitemcnt  licite  de  faire  maintenant  les  enregistrements  chez  l'homme.  Un  tel  resultat  serait  particu- 
lierement  utile  dans  le  cas  du  vol  a  grande  Vitesse  et  basse  altitude..  El,  effet,  le  pilot e  exerce  le  plus 
souvent  une  force  resultante  perpendiculaira  au  plan  du  siege..  Les  energies  vibratoires  ei.gendrees  dans  cette 
configuration  de  vol  etant  importantes,  on  - eut  penser  que  1 'une  quelconque  des  qrandeurs,  masse  apparent?, 
dephasage  force-vitesse,  puissance  absorbee,  ou  les  trois  a  la  fois,  donneront  des  renseignements  tres  pre- 
cieux  sur  1  'etat  physique  du  pilote,  voire  meme  de  son  niveau  de  conscience. 


FIGURE  15 


FIGURE  16 


L' interpretation  biomecanique  de  ces  resultats  est  particul  erement  delicate..  Er.  effet,  les  expe¬ 
riences  montrent  gu'un  filtrage  par  les  membres  infeneurs  (fig.  lb)  provcquent  une  diminution  de  la  puis¬ 
sance  absorbee.-  Ce  qui  est  parfaitement  coherent  avec  les  donnees  des  enregistremer.ts  14  et  15.. 

Cependant,  une  structure  biologique  vivante  et  consciente  ne  presente  aucun  des  caraetcres  mathe- 
matigues  de  hnearite,  de  stationarite,  de  causalite  qui  permettraient  une  interpretation  simple  des 
resultats  Une  experimentation  conauite  chrz  l'homme  permettrait  au  moms  de  her  une  ca  sc  conm-e  et 
exprimee  par  le  sujet  £  un  effet  reconnu  et  inter prete  par  1 ' experimentateur  :  ce  qui  est  impossible  dans 
le  cas  ou  le  sujet  d' experience  est  un  animal. 

CONCLUSIONS 

Dans  lc  cas  d'une  structure  mdustrielle,  pout  1  ne  excitation  vibra^oire  donnee,  la  repense  meca- 
mque  suit  une  loi  invanan te  dans  le  temps.  Dans  le  cas  d'une  structure  biologique,  il  n'en  est  plus  de 
memo..  Vrofitant  de  cette  opportunity  concernant  la  variance  des  resultats,  on  a  pen se  pouvoir  suivre  le 
comportement  dynamique  d'un  pilote  en  vol  £  grande  vitesse  et  £  basse  altitude  £  l'aiae  d<-  mtsures  totale- 
ment  exteneures  £  1  ’ mdiv.du.  Ces  mesures  effectuees  £  l'aide  d'un  capteu r  de  force  d'un  accelerometie 
place  au  point  d' application  des  forces  permettent  de  calculer  les  valevrs  des  masses  dymmiques  (defimes 
romrne  le  rapport  complexe  de  la  force  £  1 ’acceleration) ,  lc  « ’dphusage  force-vitesse  et  la  puissance  dissi- 
pee  dans  les  amortisseurs  biologj.ques. 

Une  experience  prealable  a  ete  effec tude  sur  un  animal,  primate  non  humam,  arsis  dans  un  sidge  de 
contention.  Les  donnees  experimentales  montrent  le  bien-fondi  des  hypotheses  et  la  colei ence  de-  results tr 


8-15 


obtenus.  En  particulier,  1 'dtendue  de  mesare  concernant  les  variations  de  masse  dynamique  nous  incite  k 
penser  qu'il  est  judicicux  d'utiliser  cette  technique  pour  suivre  non  seulement  l'etat  physique  mais 
egalement  le  niveau  de  conscience  d'un  pilote  soumis  k  une  agression  vibratoire  k  transmission  solidienne., 
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DISCUSSION 


DR.  J.  CLEMENT  (BE) 

Pourquoi  avoir  employ (  un  bruit  blanc  comme  signal  d'excitation  plutOt  que  des  signaux  sinusoidaux 
sdpards  puisque  le  systkme  n'est  pas  lindaire? 

AUTHOR'S  REPLY 

Nous  utilisons  une  excitation  en  bruit  car  elle  foumit  un  bon  test  de  lindaritd  et  une  approche 
rdaliste  pour  l'dtude  des  vibrations  mdcaniques  en  biologie. 

1  -  Le  systkme  mdcanique  constitud  par  l'animal  posskde  6  priori  une  plage 

I  oh  il  est  lindaire 
de  lindaritd. 

2  -  2a  :  Dans  le  cas  d'une  excitation  sinusoi'dale  pure,  la  fonction  de  cohdrence  entrde-sortie  peut 
avoir  une  valeur  dgale  k  1  k  la  frdquence  d'excitation,  que  le  systkme  considdrd  soit 
lindaire  ou  non  lindaire. 

2b  :  En  fait,  l'excitation  n'est  jamais  purement  sinusoidale  (distorsion  du  pot  vibrant).  Le 
"systkme  anima est  alors  excitd  par  un  spectre  de  raies  hartooniques.  Si  le  systkme  est 
lindaire,  la  cohdrence  est  dgale  k  1  pour  toutes  les  frdquences  d'excitation,  elle  vaut  0 
partout  ailleurs.  Si  le  systkme  est  non  lindaire,  elle  peut  toujours  valoir  1  sur  le 
fondamental.  Elle  ddcroit  plus  ou  moins  sur  les  harmoniques,  suivant  1 ' importance  de  la  non 
lindaritd.  Ainsi,  pour  une  excitation  dont  le  fondamental  est  k  60  Hz,  la  distorsion  se 
manifeste  &  partir  de  120  Hz,  ce  qui  n'eit  pas  visible  si  nous  observons  la  bande  de  0  t 
100  Hz.  Ce  test  de  lindaritd  est  alors  valable  k  condition  d'avoir  une  bande  de  frdquence 
d'observation  ddpassant  largement  la  bande  d'excitation.  On  perd  alors  en  pouvoir  de 
rdsolution. 

2c  :  Dans  le  cas  d'une  excitation  en  bande  de  bruit  0-100  Hz,  la  cohdrence  est  de  1  dans  la  mdme 
bande  si  le  systkme  est  l'.ndaire.  Par  contre,  une  nonlindaritd  entraine  une  distorsion  par 
intermodulation  faisant  chuter  la  cohdrence  dans  la  mdme  bande.  Nous  disposons  ainsi  d'un 
bon  test  de  lindaritd.  C'est  une  raison  pour  choisir  l'excitation  par  bruit.- 

3  -  Le  comportement  de  l'animal  ddpend  du  spectre  d'excitation,  et  risque  de  varier  en  fonction  de 
celui-ci  et  c'est  d'ailleurs  ce  que  noue  observons.  Cela  interdit  l'utilisation  d'un  balsvage 
sinus  k  vitesse  lente  car  la  contraction  musculaire  de  l'animal,  e’est-k-dire  son  dtat  mdcanique, 
varierait  au  cours  de  la  mesure.  Nous  cherchons  en  effet  les  characteristiques  mecaniques  du 
systkme  dans  un  etat  constant.  Une  excitation  simulanee  k  toutes  les  frequences,  precise  mieux 
1'etat  du  systkme. 

4  -  Enfin,  le  choix  d'une  excitation  en  bande  de  bruit  nous  semble  une  approche  rdaliste  de 
l'environnement  vioratoire  mdcanique  de  l'homme. 


DR.  J.  CLEMENT  (BE) 

Comment  expliquer  la  chute  de  votre  fonction  de  cohdrence  aux  frdquences  basses? 

AUTHOR'S  REPLY 

Une  chute  de  la  valeur  on  la  fonction  de  cohdrence  dtant  observde,  qu'il  y  ait  (fig.  12)  ou  non 
(fig.  11)  un  animal  sur  la  table  vibrante,  montre  qu'il  ne  s'agit  pas  d'un  "prc'jlkme  biologique". 

En  basse  frdquence,  les  accdldrations  obtenues  sont  faibles.  II  en  est  done  de  mdme  pour  les  forces. 
Le  rapport  signal  sur  bruit  des  mesures  dtant  mauvais,  la  cohdrence  chute. 

En  trks  basse  frdquence  on  pourrait  remplacer  la  mesure  de  l'accdldration  par  celle  du  ddplacement . 
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SUMMARY 

This  paper  describes  the  methodology  used  and  presents  some  illustrative  results  obtained  in  current  experiments  to 
determine  the  transmissibility  of  mechanical  vibration  to  major  axial  segments  (pelvis,  upper  torso,  head)  of  the  seated 
human  body  vibrated  in  the  z-axis.  Factors  influencing  transmissibility  are  mentioned  and  the  importance  of  controlling 
such  factors  in  experimental  determinations  of  the  human  biodynamic  response  to  vibration  is  discussed.  The  methodology 
described,  adapted  from  established  use  in  human  impact  studies,  includes  the  use  of  standardized  anatomical  coordinate 
systems  for  data  reference,  which  is  essential  to  the  meaningful  comparison  of  responses  measured  in  different  subjects  or 
in  different  conditions  of  vibration. 

INTRODUCTION 

In  the  proper  study  of  the  biomedical  and  psychological  correlates  of  the  human  inertial  response  to  force  and  motion 
inputs,  it  is  necessary  to  make  precise  and  repeatable  determinations  of  the  inertial  response  of  body  segments  of  interest 
and,  for  comparative  analytical  purposes,  it  is  essential  to  be  able  to  relate  the  segmental  motion  to  clearly  defined  and 
preferably  standardized  anatomical  coordinate  systems  (1,  2).  Yet  perusal  of  the  published  literature  on  human  response  to 
mechanical  vibration  or  impact  shows  that  the  use  of  man-mounted  inertial  instrumentation  in  *uch  a  manner  that  meaning¬ 
ful  and  repeatable  observations  of  skeletal  motion  can  be  reliably  made,  and  related  too  precise  inertial  frame  of  reference, 
has  rarely  been  attempted  and  even  more  rarely  achieved.  As  a  rule,  previous  investigators,  particularly  of  ‘he  human 
response  to  whole-body  vibration  (3),  have  satisfied  themselves  with  estimates  of  the  distribution  of  mechanical  force  or 
motion  within  the  living  body,  based  upon  acceleration  or  displacement  measurements  made  at  the  subject's  seat,  or  have 
drawn  conclusions  -  perilously  subject  to  experimental  error  and  artifact  -  from  data  yielded  by  instrumentation  attached 
to  arbitrary  points  on  the  body  surface  (sometimes  located  on  soft  tissue  areas  of  undetermined  dynamic  characteristics). 

Such  measurements  have  not,  as  a  rule,  been  related  to  any  properly  defined  anatomical  coordinate  system. 

Using  a  man-mounted  inertial  instrumentation  array  and  data  reduction  techniques  already  developed  and  proven 
for  impact  research  at  our  laboratory  (4),  a  series  of  experiments  is  underway  to  determine  the  seat-to  subject  and  point-to- 
point  (intersegmental)  acceleration  transmissibility  of  low-frequency  whole-body  vibration  in  man.  This  inte.im  report 
describes  approaches  to  the  methodological  standardization  of  certain  aspects  of  human  vibration  experimentation,  includ¬ 
ing  the  manner  in  which  vibration  is  applied  to  the  subject;  the  control  of  certain  biodynamic  foctors  (such  as  the  subject's 
sitting  posture)  that  can  modify  measured  vibration  transmissibility;  and  the  acquisition  and  normalization  of  data  obtained 
from  vibrated  living  subjects  for  the  purposes  of  comparative  analysis  between  different  exposure  conditions,  different  sub¬ 
jects,  and  different  species  (5)  used  as  human  analogues  in  vibration  and  impact  research. 

METHODS 

The  subjects  currently  used  in  this  program  are  young  Navy  enlisted  men  who  have  been  medically  qualified  specifically 
(6)  for  participation  in  biodynamic  experiments.  The  use  of  these  volunteer  human  subjects  is  in  accordance  with  SECNAV 
Instruction  3900. 39A.  Every  subject  is  equipped  with  individually  molded  instrumentation  mounts  designed  (4)  to  fasten  rigidly 
3-dimensional  accelerometer  arrays  externally  to  the  bony  anofomv  at  the  pelvis,  the  first  thoracic  vertebra  (T ] )  and  the  upper 
jaw.  An  additional  mount  carrying  rate  gyroscopes  is  fixed  over  the  calvarium.  The  pelvic  mount,  formed  by  two  half-rings 
located  upon  the  bony  prominences  of  the  subject's  pelvis,  also  serves  as  part  of  the  restraint  system  used  to  secure  the  subject 
to  the  vibrating  seat. 

The  use  of  these  instrumentation  mounts  permits  the  instrumentation  to  be  precisely  and  repeotably  located  with  respect 
to  the  subject's  bony  anatomy  during  every  run;  and  the  precise  and  repeatable  location  and  orientation  of  the  functional 
elements  of  the  transducers  with  respect  to  defined  anatomical  landmarks  (previously  determined  for  every  subject  by  three 
dimensional  x-ray  anthropometry)  permits  the  computational  transformation  of  inertial  data  to  points  of  interest  defined  in 
the  respective  anatomical  coordinate  systems,  provided  that  the  bony  anatomy  of  eoch  instrumented  body  segment  con  be 
shown  to  obey  the  laws  of  rigid-body  mechanics  (7). 

Vibration  conditions.  Vertical  sinusoidal  (z-axis)  vibration  is  applied  to  the  buttocks  and  feet  of  the  seated  subject 
by  means  of  a  rigid  seat  (the  top  of  which  is  shaped  like  an  agricultural  tractor  driver's  sect  in  order  to  locote  the  buttocks 
over  the  line  of  thrust  of  the  vibration  machine,  currently,  a  28,000  Ibf  electrodynamic  device).  The  subject's  feet  ore 
supported  by  a  rigid  footplate  moving  in  phase  with  the  seat.  During  vibration  exposures,  the  subject  is  constrained  to  the 
seat  and  his  posture  is  adjusted  in  a  standard  manner  described  below.  His  hands  normally  rest  in  his  lap,  and  in  his  preferred 
hand  he  holds  a  switch  which  he  is  instructed  to  release  in  the  event  that  he  wishes  to  abort  the  run  at  any  time  (the  medical 
officer  in  charge  of  the  run  can  also  abort  the  run  at  any  time  at  his  discretion  by  means  of  a  separate,  positive  action  switch). 
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In  order  to  determine  the  linearity  of  the  human  inertial  response  as  a  function  of  input  vibration  force,  measurements 
of  transmissibility  are  being  made  at  various  acceleration-amplitudes  up  to  and  including  the  "  Exposure  Limit1'  defined  in 
Reference  (9)  at  selected  frequencies  of  sinusoidal  vibration  within  the  band  2  to  32  Hz,  and  also  during  exposures  to  upgoing 
and  downgoing  frequency  sweeps,  mentioned  in  more  detail  below.  Current  exoosure  durations  are  3  minutes  for  steady-state 
sinusoidal  vibration  and  approximately  one  minute  for  sweeps.  In  addition  to  the  man-mounted  inertbl  instrumentation,  refer¬ 
ence  accelerometers  are  mounted  rigidly  on  the  seat,  the  substructure  of  which  also  incorporates  load  cells  for  the  purpose 
of  determining  the  whole-body  mechanical  input  impedance  (not  reported  in  this  communication)  simultaneously  with  trans¬ 
missibility  determinations,  for  comparative  analysis. 

Standardizing  vibration  exposures.  The  subject's  buttocks  are  constrained  to  move  with  the  vibrating  seat  by  four 
separateTy"buckled  relatively  inelastic  straps  running  approximately  vertically  from  the  pelvic  mount  to  the  seat  frame.  Tension¬ 
ing  the  straps  augments  the  compression  of  the  subject's  bottom  due  to  gravity.  In  some  experimental  runs,  a  lap-bar,  approx!  - 
mately  10  cm  in  diameter,  lodged  between  the  anterior  aspects  of  the  pelvis  and  the  subject's  upper  thighs  when  flexed  in 
sitting,  has  bear  used  as  an  alternate  form  of  restraint  that  has  proved  more  comfortable  than  the  pelvic  mount  for  long  runs: 
this  device,  however,  is  not  a  suitable  base  for  inertial  instrumentation.  In  both  methods,  the  tie-down  straps  carry  strain 
gauges  whose  outputs  can  be  monitored  for  the  purpose  of  adjusting  the  tie-down  to  a  standard  tension  for  all  runs.;  However, 
the  effect  of  varying  the  strap  tension  on  measured  ‘ransmissibility,  and  the  optimal  tension  for  general  experimental  purposes, 
have  yet  to  be  determined:  it  has  proved  very  difficult  in  practice  to  achieve  even  or  repeatable  strap  tensions,  either  as 
initial  conditions  or  during  runs,  due  to  the  subject's  ability  to  reposition  himself;  and  we  are  not  yet  convinced  that  to  do 
so  is  a  necessary  or  desirable  objective,  which  is  the  reason  for  use  of  the  pelvic  mount. 

The  subject's  sitting  posture,  a  variable  known  to  affect  transmissibility  determinations  markedly  (3)  is  adjusted  at  the 
outset  of  every  run  in  which  inertial  data  are  to  be  collected,  and  from  time  to  time  during  the  run,  by  having  the  subject 
maintain  an  image  of  his  own  instrumented  head  (right  lateral  view)  within  a  template  marked  for  that  individual  on  the  screen 
of  a  television  display  in  front  of  him.-  The  display  is  generated  by  a  television  monitoring  camera  mounted  approximately  2  m 
to  the  side  of  the  subject's  head.  This  device,  developed  originally  to  control  the  initial  conditions  in  human  impact  experi¬ 
ments  (8),  has  proved  to  be  a  simple  and  effective  way  to  standardize  and  control  the  subject’s  posture  and  degree  of  volitional 
muscular  effort  during  vibration. 

DATA  ACQUISITION  AND  ANALYSIS 

The  :nertial  data  measured  by  the  seat  reference  and  man-mounted  transducers  are  (in  addition  to  being  displayed 
graphically  in  real  time  for  monitoring  purposes)  recorded  initially  on  analog  magnetic  tape  against  a  universal  time  base. 

The  data  are  later  converted  to  digital  form  for  acceptance  by  computer  programs  previously  developed  in  our  laboratory 
for  human  and  subhuman  primate  impact  and  vibration  studies.  Formal  ana'ysis  of  the  data  begins  by  digitizing  each  of  the 
recorded  transducer  signals  at  300  samples  p-r  second  (equivalent  to  a  minimum  of  10  samples  per  cycle  of  vibration  up  to 
30  Hz)  and  transcribing  the  values  onto  digital  tape.  A  computer  program  analyzes  calibration  signals  for  every  run  to  deter¬ 
mine  the  correct  scaling  information  for  each  channel  of  data.  The  resultant  digital  data  are  then  converted  to  engineering 
units  and  passed  through  digital  filters  to  remove  unwanted  signal  components  60  Hz  electrical  noise  and  d.c.  bias). 

Using  the  geometric  relationships  between  the  functional  or  cnfation  and  location  of  the  transducers  and  the  subject's  bony 
anatomy,  as  determined  individually  by  3-dimensional  x-ray  anthropometry,  the  3-dimensional  motions  at  specific  points  of 
the  anatomy  are  computed.  Figure  1  illustrates  this  process.  The  three  anatomical  points  used  to  represent  segmentc!  body 
motions  in  the  experiment  illustrated  below  were  the  nominal  center  of  -ravity  of  the  head,  the  anterior  superior  corner  of 
the  T]  vertebral  body  in  the  midsagittal  plane,  and  an  external  point  related  to  the  anatomical  coordinate  system  for  the 
pelvis  (1, 2,  4).  All  instrumentation  is  positioned  in  or  near  to  the  midsagittal  plane,  to  take  advantage  of  the  presumed 
lateral  symmetry  of  the  subject's  response.. 

Some  results  obtained.  Some  experiments  have  been  made  in  which  the  frequency  is  steadily  varied,  at  a  rate  of  0.5  Hz 
per  second,  over  the  spectrum  of  interest.  Such  an  approach  affords  certain  advantages  with  regard  to  experimental  and 
analytical  economy.  The  mathematical  procedures  developed  for  swept-sinusoida!  vibration  response  analysis,  using  pri¬ 
mate  data,  have  been  reported  previously  (5).  In  the  current  human  studies,  the  linear  acceleration  (in  three  orthogonal 
axes),  the  angular  acceleration  and  the  angular  velocity  are  calculated  for  each  of  the  anatomical  points  mentioned  above . 

The  data  shown  in  Figure  1  are  a  5-seoond  segment  from  a  54-second  test  in  which  the  vibration  ‘requency  was  swept  from 
5  to  32  Hz.  The  excitation  frequency  was  5  Hz  at  the  start  of  the  segment  illustrated,  which  shows  aspects  of  the  segmenr- 
to-segment  propagation  of  vertical  input  vibration  up  the  '.eated  body  in  one  subject. 

The  response  of  the  head  to  whole-body  vertical  vibration  ot  low  frequencies  is  a  characteristic  nodding  motion  in 
the  sagittal  plane;  lateral  vibration  is  negligible,  and  rotational  oscillation  occurs  only  about  the  head  y-axis.  The  data 
transformed  to  the  T]  coordinate  system  indicate  a  response  similar  ro  that  of  the  head;  however,  two  compromising  factors 
must  be  noted.  The  instrumentation  mount  at  Tj  is  attached  to  ihe  torso  by  strops  which  (as  can  be  confirmed  by  means  of 
high-speed  cinephotography)  can  permit  a  slight  rocking  motion  about  the  instrumentation  point  under  the  vibration  stimu¬ 
lus;  therefore,  some  error  may  be  expected  in  the  measured  values  for  motions  in  the  z-oxis  and  about  the  y-axis  for  T; .. 

Scrutiny  of  the  Tj  data  in  figure  1  indicates  that  these  signals  do  indeed  appear  distorted,  presumably  because  of  imperfec¬ 
tion  in  the  fastening  of  the  Tj  instrumentation  mo'*r.t  to  the  torso  in  that  run.:  Moreover,  during  these  preliminary  experi¬ 
ments,  a  complete  instrumentation  package  was  not  yet  available  for  Tj;  consequently,  it  wos  necessary  to  use  the  presumed 
symmetry  of  motion  with  respect  to  the  sagittal  plane  to  transform  the  data  to  the  reference  point  in  Tj  .  Errors  introduced 
by  that  assumption  of  absolute  lateral  symmetry  result  in  slow  drifts  in  the  baseline  for  T^  angular  velocity  (derived  by 
integration  of  acceleration  signals)  about  the  T^  y-axis. 

The  data  recorded  from  the  pelwc  mount  hove  not  yet  been  precisely  defined  in  relation  to  the  subject'-,  bony  anatomy. 

This  is  because  the  efficacy  of  various  arrangements  of  pelv.c  instrumentation  and  restraint  is  still  being  eraiuefed  and 
therefore  x-ray  anthropometry  of  the  region  would  be  premature,  and  not  iustified.;  Furthermore,  we  do  not  yet  hove  a 
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complete  instrumentation  package  for  the  pelvis.  Provisionally,  it  may  be  said  that  the  vector  sum  (not  shown)  of  the  x-, 
y-,  and  z-axis  linear  acceleration  is  approximately  equal  to  the  vertical  acceleration  at  the  pelvis.  The  rotational  data 
from  the  pelvis,  however,  may  contain  a  component  of  error  undeterminable  because  of  the  incomplete  instrumentation 
array;  these  data  should  accordingly  be  disregarded  for  the  purposes  of  this  presentation. 

Results  of  supplementary  analyses.  The  format  used  for  presenting  data  in  Figure  1  has  several  deficiencies.  First, 
it  is  inefficient,  showing  only  a  short  segment  of  data  from  a  sweep.  Second,  it  does  not  define  relationships  (tronsmiss- 
ibilities)  between  different  body  segments.  Moreover,  although  the  vibration  frequency  is  steadily  changing  during  the 
sweep,  its  instantaneous  value  is  not  readily  ascertainable  from  figure  i .  For  these  reasons,  an  alternative  method  of 
presenting  the  data  has  been  developed,  in  which  a  computer  program  has  been  designed  to  scan  the  data  for  each  channel, 
calculate  specific  parameters  which  describe  the  da'a  and  their  relationships  to  corresponding  data  In  other  channels,  and 
display  the  results  graphically.  Figure  2  shows  the  rms  amplitude  of  the  seat  z-oxis  acceleration  as  a  function  of  vibration 
frequency  swept  from  5  to  30  Hz.  The  rms  amplitude  is  calculated  by  using  an  exponential  smoothing  technique  in  which 
the  data  closest  to  the  point  of  interest  are  weighted  most  heavijy  in  the  computation  of  the  rms  value.  In  the  run  illustrated 
inF:gure  2,  the  seat  rms  vertical  acceleration  began  at  0.7  m/s*  and  gradually  decreased  to  0.2  m/s  .  Because  it  is  possible 
that  directional  artifacts  may  occur  in  the  implementation  and  analysis  of  swepf-sinusoidol  vibration  tests,  a  check  was  made 
by  repeating  the  experiment  but  sweeping  in  the  opposite  direction,  viz,  from  30  down  to  5  Hz.  The  rms  computation  for 
that  test  is  shown  in  Figure  3.  Comparison  of  the  data  from  Figures  2  and  3  showed  approximately  0.01  m/sZ  bias  in  the  two 
procedures.  While  this  is  quite  small,  work  is  in  hand  to  modify  the  analysis  algorithms  to  remove  most  of  that  bias. 

Figure  4  shows  the  rms  amplitude  of  the  head  z-axis  acceleration,  and  Figure  5  shows  the  comparison  (in  effect,  a 
determination  of  transmissibility)  or  ratio  between  the  head  z-axis  and  the  seat  z-axis  accelerations.  It  is  immediately 
apparent  that  a  resonance  occurred  in  the  body  somewhat  below  6  Hz.  This  is  in  general  accord  with  previously  published 
work  using  human  whole-body  mechanical  impedance  and  transmissibility  methods  (3).  Characteristically,  the  transmiss- 
ibility  is  less  than  unity  at  frequencies  above  10  Hz.  Figure  6  shows  the  phase  relationship  between  the  two  signals;  again, 
a  phase  lag  of  some  90°at  and  above  resonance  is  characteristic.  Figure  7  shows  the  cross-correlation  between  the  same  two 
signals  (this  parameter  is  especially  powerful  if  the  input  signal  approximates  a  sinusoid!.  For  sinusoidal  inputs,  a  correlation 
of  unity  is  strongly  indicative  of  a  linear  relationship  between  the  input  and  output  signals,  wherea'  correlations  below  about 
0.75  indicate  either  that  the  input  signal  was  not  sinusoidal  or  that  the  system  is  nonlinear.  From  Figure  7  it  appears  that 
a  linear  relationship  may  exist  between  the  two  signals  up  to  some  17  Hz  at  the  acceleration  amplitudes  investigated.  Above 
some  17  Hz,  the  subject  may  effectively  isolate  his  head  from  the  transmitted  vibration  (which  at  high  frequencies  is  of  pro¬ 
gressively  lessening  displacement-amplitude).  Figure  8  confirms  the  stable  relationship  between  the  excitation  frequency, 
as  determined  from  *he  seat  reference  accelerometer  output,  and  elapsed  time,  i.e.,that  the  sweep  rate  was  steady  at  approxi¬ 
mately  0.5  Hz.  All  the  calculations  required  for  the  analysis  of  the  data,  and  the  construction  of  the  plots  shown  in  Figures  2 
to  8  were  done  by  computer. 

Work  in  progress.  To  date  some  80  human  runs  have  been  completed  as  part  of  a  series  intended  to  cover  the  fre¬ 
quency  Xand"5to^2TT?  (later  frequencies  below  5  Hz  will  be  included,  using  an  electrohydroulic  vibration  machine  being 
brought  into  service  for  human  experimentation)  at  three  acceleration  levels  for  our  available  range  of  subject  percentiles. 

So  far,  for  vibration  exposures  not  exceeding  the  ISO  "Exposure  Limit"  for  short  durations  (9),  the  methods  of  instrumenta¬ 
tion,  control  of  the  subjects'  posture,  and  constraint  of  the  subject  to  move  with  the  seat,  have  caused  no  serious  problems. 

In  the  course  of  the  current  series  of  transmissibility  determinations,  the  same  subjects  are  simultaneously  carrying  out  tests 
of  visual  resolution  acuity  using  Landolt  C  test  material,  and  giving  subjective  ratings  of  vibration  severity  on  a  9-point 
scale.  Data  from  these  tests  are  as  yet  too  few  for  definitive  statistical  analysis,  which  will  be  carried  out  and  reported 
separately  when  the  series  of  runs  has  been  completed  by  all  subjects  in  all  conditions. 
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FIGURE  1.  Data  reduction  process.  The  right-hand  panel  shows 
the  human  response  to  vertical  seat  vibration  yielded  b>  geo¬ 
metric  transformation  from  the  filtered  and  scaled  vibration 
data  shown  in  the  left-hand  panel..  The  sample  length  is 
4.995  seconds  in  each  panel.-  The  data  are  from  the  irst  5 
seconds  of  an  upgeing  freqjency  sweep  beginning  at  5  Hz,  at  a 
seat  vertical  (z-axis)  acceleration-amplitude  of  0.7  ms"^  rms. 
Ths  transformations  are  a  mathematical  operation  based  jpon 
calibrated  radiographs  showing  the  precise  location  of  the 
imtr  imentation  with  respect  to  bony  landmarks  in  each  subject.; 
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FREQUENCY 

FREQUENCY 

FIGURE  2.  Seat  z-axis  rms  acceleration  in 
roeters/second/second  as  a  function  of  vibra¬ 
tion  frequency  (sweep  from  5  to  30  Hz)., 

FIGURE  3.-  Seat  z-axis  rms  acceleration 
(ms"2)  as  a  function  of  vibration  freqj 
ency  (sweep  from  30  to  5  Hz)., 
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FIGURE  4.  Head  z-axis  ms  acceleration 
(ms"^)  from  5  tc  30  Hz.  (The  data  have 
been  transformed  to  the  coordinate  sys¬ 
tem  for  the  head.) 


FIGURE  5..  Transmissibility  of  seat  z-axis 
acceleration  to  the  head  z-axis.  Trans- 
missibility  exceeding  1.0  in  the  region  of 
6  Hz  indicates  an  axial  body  resonance  oc- 
-urring  between  seat  and  head. 


FIGURE  6.  Phase  lag  ot  head  z-axis  ac¬ 
celeration  with  respect  to  the  seat  z- 
axis  acce'eration. 
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FIGURE  7.  Cross-correlation  between 
head  z-axis  acceleration  and  seat  z-axis 
acceleration.. 
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DISCUSSION 


DR.  P.J.  THOMAS  (US) 

j.o  what  extent  does  coupling  of  the  man  (pelvis  to  shaker),  and  the  inherent  complexity  of  the 
transmiasibilitv  matrix,  affect  efforts  to  describe  a  standardised  human  response? 

AUTHOR'S  REPLY 

When  a  scandard  attempts  to  prescribe  limiting  whole-body  impacts  (as  does  ISO  2631:1978,  for 
example),  allowance  must  of  course  be  made  for  any  resilient  coupling,  such  as  a  seat  cushion, 
between  the  point  of  measurement  and  the  point  of  input  to  the  man.  Any  standard  purporting  to 
describe  or  define  a  human  mechanical  characteristic,  such  as  whole-body  input  impedance,  or  seat- 
head  transmissibility,  must  recognise  the  fact  that  measurements  may  be  affected  by  both  intrinsic 
(for  example,  degree  of  compression  of  tissue  of  the  buttocks)  and  extrinsic  (for  example,  degree 
of  body  loading  by  a  restraint  system)  biodynamic  factors.  If  the  pelvis,  ideally,  is  taken  as  the 
input  point  for  two-axis  whole-body  vibration  (rather  than  the  man-seat  interface),  when  drawing 
up  a  standard  for  transmissibility  of  vibration  to  the  head,  then  the  resilience  or  coupling 
between  pelvis  and  seat  may  be  immaterial.  External  loadings,  posture  and  so  on,  however,  would 
still  be  controlling  factors. 


Wfstsmm&sm.uarn. i.v. 
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HEAD  MOVEMENTS  INDUCED  BY  VERTICAL  VIBRATIONS 


L.  Vogt,  E.  Schwartz,  H.  Mertens 
DFVI.R,  Institut  fiir  Flugmedizin 
Godesberger  Allee  70 
D  5300  Bonn  2 
German  Federal  Republic 


SUMMARY 


Vibration  transmission  through  the  human  body  from  seat  to 
head  under  vertical  (z-axis)  vibration  has  been  investigated  in 
the  past  by  taking  into  account  only  the  vertical  head  movements. 

To  assess  the  complex  head  motion  induced  by  z-axis  mechanical 
vibration,  eleven  subjects  were  vibrated  on  a  shake— table  in  the 
frequency  range  of  2  Hz  to  19  Hz.  Acceleration  amplitude  was  sinu¬ 
soidal  and  held  constant  at  0.35  g  (rms)  .  Each  subject  was  giver, 
two  trials:  one  sitting  relaxed  without  a  backrest,  the  other  lean¬ 
ing  against  a  backrest  with  a  12°  inclination  from  the  vertical. 
Head  motion  was  recorded  with  a  special  television  camera  (x-y 
tracker)  by  pursuing  a  target  painted  on  the  temporal  part  oi  the 
subject's  forehead.  This  instrument  continuously  records  the  hori¬ 
zontal  and  vertical  co-ordinates  of  the  tracked  point  and  gives 
the  output  as  analogues  voltages.  For  each  frequency  and  experi¬ 
mental  condition  the  vertical  and  horizontal  motion  of  the  track¬ 
ing  target  was  related  to  the  displacement  of  the  shake-table. 

The  results  are  given  as  different  transmissibility  curves 
for  vertical  and  horizontal  head  motion.  When  relating  horizontal 
to  vertical  transmissibility  it  becomes  obvious  that,  without  a 
backrest,  at  the  resonant  frequency  the  horizontal  transmissi¬ 
bility  is  about  75  %  of  the  vertical  transmissibility .When  using 
a  backrest  horizontal  transmissibility  is  reduced  to  about  35  % 
of  the  vertical  transmissibility. 


INTRODUCTION 

Vibration  transmissibility  has  been  widely  used  in  the  past  to  describe  the  res¬ 
ponse  of  the  human  body  to  mechanical  vibration.  Transmissibility  is  defined  as  "The  non- 
dimensional  ratio  of  the  response  amplitude  of  a  system  in  steady-state  forced  vibration 
to  the  excitation  amplitude.  The  ratio  may  be  one  of  forces,  displacements,  velocitier, 
or  accelerations"  [1]. 


Transmissibility  (  ui  )  =  -°- tPut - - 

input  (  i»  ) 

In  the  laboratory,  transmissibility  is  usually  determined  by  placing  one  accelero¬ 
meter  on  the  shake-table  and  a  second  on  that  portion  of  the  body  whose  transmissibility 
is  to  be  recorded.  For  each  tested  frequency,  the  complex  ratio  of  the  two  accelerations 
is  formed  and  plotted  versus  frequency. 

Vibration  transmission  from  seat  to  head  is  considered  most  vital  by  many  authors. 
This  is  obvious  because  the  head  serves  as  a  stabilizating  platform  for  the  eyes,  the 
most  important  sensory  organ  for  flight.  Although  many  vibration  problems  have  faded 
away  with  the  overall  use  of  jet  propulsion  and  modern  aircraft  design,  there  are  still 
areas  in  military  aviation  which  pose  problems  induced  by  mechanical  vibration.  One  is 
high-speed,  low-level  flight,  while  others  are  related  to  helicopter  operations. 

Mechanical  vibrations  can  influence  comfort,  performance,  and  health  of  human  beings. 
Ir.  aviation,  performance  of  aircrews  is  often  adversely  affected  by  vislual  disturbances 
evoked  through  mechanical  vibrations.  Blurring  of  the  visual  image  on  the  retina,  caused 
by  relative  movements  between  the  eye  and  che  viewed  object,  is  the  most  apparent  cause 
of  visual  problems  during  vibration.  The  effects  of  mechanical  vibration  on  vision  have 
been  reviewed  among  others  by  Shoenberger  [13]  and  recently  by  May  [9].  While  May  sum¬ 
marizes  his  review  with  the  general  statement  that  disturbance  of  vision  by  vibration  is 
proportional  to  frequency  and  input  amplitude,  Shoenberger  gives  a  more  refined  rfesume: 

'In  summary,  when  vertical,  whole-body  vibration  is  applied  to  a  man  in  upright  seated 
position,  there  are  primarily  three  frequency  related  factors  that  appear  to  have  a  bear¬ 
ing  on  visual  decrements.  These  are:  compensatory  tracking  movements  of  the  eye  at  very 
low  frequencies,  amplification  or  attenuation  of  vibration  from  seat  to  head  (including 
rotation  and  resonance  of  the  head  itself) ,  and  resonance  associated  with  the  eyeball 
and/or  its  supporting  structures  at  high  frequencies." 

Different  approaches  have  been  made  in  aviation  research  to  overcome  the  visual 
problems  associated  with  mechanical  vibration  in  high-speed,  low-level  flight.  One  is  to 
reduce  turbulence-induced  aircraft  movements  by  aerodynamic  control  surfaces  which  are 
automatically  activated  by  a  closed  control  loop.  Another  approach  is  to  move  the  visual 
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target  for  the  pilot  in  phase  and  amplitude  with  head  motion  and  thus  stabilize  the 
image  on  the  retina.  The  latter  method  requires  a  good  knowledge  of  the  response  of  the 
human  body  to  vibration. 

While  whole  body  mechanical  driving  point  impedance  is  an  indication  for  the 
overall  response  of  the  human  body  to  mechanical  forces,  transmissibility  measurements 
can  identify  the  reactions  of  special  body  parts. 

Already  in  1939  v.  Bekfesy  [2]  described  the  damping  of  vibrations  by  the  body,  how¬ 
ever,  without  observina  any  resonances. 

Dieckmann  [6]  investigated  the  dynamic  behaviour  of  the  human  body  in  1957,  and 
found  the  main  body  resonances  between  4  and  5.5  Hz.  He  explored  vibration  transmissibi- 
lity  from  a  vibrating  platform  to  the  hip,  shoulder,  and  head.  Coermann[4]  measured 
transmissibility  from  a  seat  to  head  of  subjects  in  erect  and  relaxed  sitting  postures. 

He  described  a  reduction  in  head  amplitude  with  a  concomitant  shift  of  the  main  resonance 
frequency  from  4  Hz  to  5  Hz  as  the  subjects  changed  their  posture  from  sitting  relaxed 
to  sitting  erect.  The  latter  posture  also  resulted  in  a  reduction  of  peak  head  amplitudes. 
Coermann  and  Okada  [5]  investigated  the  effect  of  a  backrest  and  seat-back  angles  bet¬ 
ween  90°  and  140°  from  the  horizontal  on  vibration  transmission  to  the  .lead.  The  results 
showed  that  a  back-angle  of  140°  produced  the  lowest  transmissibility  magnitude  while 
100°  produced  a  maximum  head  amplitude  at  whole  body  resonance.  Vibration  transmissibility 
to  the  head  under  various  levels  of  sustained  acceleration  has  been  measured  by  Mertens 
[10] .  His  results  show  an  increase  of  head  amplitude  between  +2  Gz  and  +3  Gz  and  a  whole 
body  resonance  at  approximately  10  Hz  under  +3  Gz  sustained  acceleration.  The  intluence 
of  body  posture  on  vibration  transmission  to  the  head  was  investigated  by  Griffin  et  al. 
[8]  for  a  wide  variety  of  postures,  subjects,  and  input  functions.  Posture  and  seat  con¬ 
figuration  played  the  major  role  in  transmissibility  while  other  variables  had  only  minor 
influences.  This  influence  of  seat  design  and  body  posture  has  been  likely  found  by 
Bjurvald  et  al.  [3]  and  Rowlands  [11].  The  transmissibility  magnitudes  from  these  investi- 
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Figure  1 ;  Vibration  transmissibility  seat/head  for  sitting  subjects. 
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Figure  2:  Proposed  standard  transmissibility  curve. 


While  the  first  resonance  at  4.5  Hz  is  clearly  evident  in  nearly  all  curves,  their 
courses  differ  considerably  after  the  first  maximum.  This  is  caused  by  different  measure¬ 
ment  techniques  and  body  posture.  In  spite  of  that,  an  attempt  was  made  by  Working  Group 
5  of  ISO  TC  108/SC  4  to  propose  a  standard  transmissibility  curve,  shown  in  Figure  2,  for 
magnitude  and  phase. 

Most  of  the  authors  quoted  employed  accelerometers  fastened  to  the  head  either  by 
a  bite-bar  or  by  some  other  means  such  as  straps  or  even  helmets.  For  calculating  trans¬ 
missibility  they  used  only  the  vertical  (z-axis)  component  of  head  vibration.  It  is 
well  known,  and  may  easily  be  observed  in  the  laboratory,  that  the  head  al ro  moves  in  the 
horizontal  direction  even  when  the  vibration  excitation  of  the  body  is  strictly  vertical. 
Sandover  [2]  compared  vibration  transmission  measured  with  a  bite-bar  accelerometer  and 
an  acceleromete-  mounted  on  the  top  of  a  lightweight  head  harness;  the  results  differ 
in  resonant  frequency  and  amplitude.  The  author  emphasizes  the  dangers  of  not  allowing 
for  the  obvious  effects  of  complex  movements.  Oieckmann  [7]  recorded  complex  head  move¬ 
ments  induced  by  horizontal  (x-axis)  mechanical  vibrations  and  found  considerable,  ver¬ 
tical  displacements  of  the  head.  Figure  3  gives  the  elliptic  movement  of  the  head  cal¬ 
culated  from  horizontal  and  vertical  acceleration  components  and  their  phase  relation¬ 
ship. 

The  purpose  of  this  paper  is  to  present  data  of  complex  head  movements  induced 
by  vertical  (z-axis)  vibrations  of  sitting  subjects. 


Figui e  3:  Complex  head  motions  of  a  sitting  subject  under 

x-axis  horizontal  vibration  (after  Dieckmann  [7]) 


METHOD 


Eleven  healthy,  male  subjects  were  used  for  this  investigation;  their  age,  height 
and  body  weight  are  given  in  Tabic  I. 

All  subjects  were  volunteers  from  our  laboratory  staff.  Each  subject  underwent  two 
trials  on  the  shake-table,  the  first  with  a  backrest  w  icii  had  an  inclination  of  12°  to 
the  rear  from  the  vertical.  The  second  experiment  was  without  backrest.  The  subjects  were 
instructed  to  maintain  a  relaxed  posture  in  both  cases.  An  electro-hydraulic  shaker  pro¬ 
duced  sinusoidal  vibrations  in  the  frequency  range  of  2  to  19  Hz  in  one  Hertz  increments. 
Acceleration  amplitude  was  kept  constant  at  0.35  g  (rms) . 

The  schematic  data  acquisition  system  is  shown  in  Figure  4.  The  temporal  region 
of  the  subjects'  head  was  painted  black  with  theatrical  make-up  to  create  an  even,  dark 
background;  upon  this,  two  dots  were  applied  with  white  pain;.,  two  centimeters  apart, 
which  presented  the  tracking  targets  for  the  x-y  tracker.  A  stencil  was  used  to  obtai~ 
a  uniform  placement  of  targets.  During  the  experiments,  the  foremost  point  was  always 
tracked  while  the  other  one  was  only  used  for  calibration  purposes. 

'rhe  tracking  of  the  target  mark  was  accomplished  with  a  multipoint  x-y  tracxer 
(HTV-C  681,  Manufacturer:  Hamamatsu  TV  Co.,  Japan)  consisting  of  a  TV  camera  using  the 
electrostatic  type  of  image  dissector  tube.  The  camera  with  the  associated  electronics 
is  able  to  pi.-k  up  three  points  simultaneous! ,•  and  give  the  x  and  y  co-ordinates  of 


Table  I 


Subject 

No. 


Age 

(Years) 


Height 

(cm) 

Weight 

(kg) 

183 

65 

176 

82 

181 

85.5 

172 

75 

180 

67 

178 

74 

175 

63 

184 

85 

178 

80 

173 

64.5 

172 

63 
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Figure  4;  Schematic  for  the  data  acquisition  system  and  vibration  stand 
employed  in  the  determination  of  head  motion.- 


these  points  as  analogue  voltage  outputs.  The  sampling  rate  of  the  camera  for  three 
points  is  5.25  kHz;  the  accuracy  is  better  than  +  2  %  of  full  scale.  The  resolution  cf 
the  system  cannot  be  stated  exactly,  since  it  depends  on  the  focal  length  of  the  lens 
used,  and  the  distance  between  camera  and  object.  We  circumvented  this  problem  by  moni¬ 
toring  the  output  of  the  x-y  tracker  on  an  oscilloscope  together  with  the  displacement 
signal  of  the  shaker  taking  care  that  a  good  signal  to  noise  ratio  was  maintained.  The 
data  were  again  checked  on  the  computer  display  before  processing. 

All  signals  were  sent  through  band-pass  filters  of  the  same  design  which  were 
tested  for  equal  phase  and  amplitude  characteristics.  The  high-pass  part  of  the  filter 
had  a  cutoff  frequency  of  0.5  Hz  and  the  low-pass  of  250  -Iz .  It  was  used  as  an  anti¬ 
aliasing  filter  for  the  analog  to  digital  converter  (ADC) ,  while  the  high-pass  com¬ 
pensated  for  the  slow  movements  of  body  sway  during  the  test-runs  without  backrest.  The 
filters  had  a  rolloff  of  20  dB/octave.  The  sampling  rate  of  the  ADC  was  512  samples  per 
second.  The  data  were  digitized  and  stored  on  a  magnetic  disk  using  a  PDP  11/40  computer. 
Data  were  then  checked  visually  on  a  graphic  display  (VT  11)  and  underwent  a  process  of 
digital  filtering.  This  was  accomplished  by  a  forward  Fourier  Transformation.  From  the 
results  only  the  amplitudes  and  phase  of  the  test-frequency  and  one  each  at  the  adjacent 
upper  and  lower  frequency  were  taken,  and  then  a  reverse  Fourier  Transformation  was  made 


RESULTS  AND  DISCUSSION 

Figure  5  shows  a  typical  plot  of  head  movements,  before  digital  filtering,  for 
vibration  frequencies  of  2  to  1 9  Hz . 


Together  with  the  elliptical  head  motion,  the  shake-table  displacement  is  given 
as  a  vertical  line.  In  the  lower  left  corner  of  each  frame  a  calibration  step  of  one 
millimeter  is  displayed.  Because  amplification  was  increased  at  5  Hz  by  a  factor  of  2.5, 
at  9  Hz  by  a  factor  of  5,  and  at  1 4  Hz  by  a  factor  of  10,  the  calibration  sianals  become 
large’-  at  these  respective  frequencies.  Data  were  sampled  over  a  period  of  one  second, 
and  for  this  reason,  the  number  of  ellipses  drawn  in  each  frame  equals  the  shaker  fre¬ 
quency. 

It  is  obvious  that  from  15  Hz  upwards  the  ellipses  become  increasingly  filled. 

This  is  due  to  a  deterioration  of  signal  to  noise  ratio  because  the  absolute  displacements 
become  smaller  with  increasing  frequency.- 

In  the  next  two  Figures  (Figure  6,  Figure  7) ,  head  motions  of  the  sar  subject  as 
in  Figure  5  are  shown  after  the  data  were  filtered  digitally  on  the  compu'er.  In  addition, 
only  one  ellipse  is  drawn  for  each  vibration  frequency.  In  the  upper  hali  of  the  fiqures, 
the  results  of  test  runs  with  a  12°  backrest  are  shown  while  the  lower  half  displays 
results  achieved  without  a  backrest. 
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Figure  6:  Complex  head  motion  plotted  from  filtered  data  for  the  fre¬ 
quency  range  2  Hz  -  9  Hz.  Upper:  with  hucxrest,  lower:  with 
out  backrest. 
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Figure  7 :  Complex  head  motion  plotted  from  filtered  data  for  the  fre¬ 
quency  range  10  Hz  -  19  Hz.  Upper:  with  backrest,  lower:  with 
out  backrest. 
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Looking  at  the  upper  part  of  Eigures  6  and  7  first,  it  becomes  obvious  that  from 
4  Hz  upwards,  a  considerable  horizontal  component  of  vibration  is  created  by  the  human 
body  especially  in  the  region  of  whole  body  resonance  around  5  Hz.  This  is  indicated  by 
a  forward  inclination  of  the  long  axis  of  the  ellipse.  After  10  Hz,  this  axis  assumes  a 
near  vertical  position  again.  Without  backrest  (lower  part  of  Fig.  6  and  7) ,  the  maximum 
horizontal  component,  however,  is  -  for  this  subject  -  located  at  6  Hz. 

In  Figure  8 ,  the  transmissibility  values  of  the  same  subject  with  backrest  (a) 
and  without  backrest  (b)  have  been  calculated  and  plotted  versus  frequency.  The  dotted 
lines  represent  only  the  vertical  component  of  head  displacement  related  to  shake-table 
displacement  (vertical  transmissibility) .  The  solid  lines  represent  the  ratio  of  the 
horizontal  component  of  head  motion  to  table  displacement  (horizontal  transmissibility) . 
Although  the  phase  curves  given  for  the  latter  case  do  not  have  much  meaning,  since  they 
describe  the  phase  between  two  vibrations  acting  in  directions  perpendicular  to  each 
other,  they  are  presented  for  further  consideration.  The  vertical  transmissibility  curves 
(dotted  lines)  are  in  good  agreement  with  published  results  for  both  test  conditions  (see 
Figure  1 ) .  They  indicate  the  well-known  first  resonances  at  4  Hz  and  5  Hz  and  a  second 
peak  at  approximately  10  Hz.  As  could  already  be  presumed  from  the  analogue  presentation 
of  head  motion  in  Figures  5-7,  the  largest  horizontal  motion  is  also  in  this  frequency 
range . 


vertical 
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Figure  8:  Vertical  and  horizontal  transmissibi¬ 
lity  and  phase  for  one  subject: 

a.  with  backrest, 

b.  without  backrest. 
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Figure  9  together  with  Tables  II  and  Tables  III  gives  the  mean  values  for  1 1 
subjects  with  +1  standard  deviation.  For  the  phase  "curve  in  Figure  9c  the  results  of 
only  eight  subjects  were  used  and  for  Figure  9d  only  seven.  This  resulted  from  the  fact 
that  there  are  two  characteristic  types  of  phase  curves  for  vertical  transmissibility . 
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Figure  9:  Mean  values  and  standard  deviation  of  horizontal  and  vertical  trans¬ 
missibility  (N=1 1  (for  phase  see  text)). 

a.  horizontal  with  backrest;  b.  horizontal  without  backrest; 
c.  vertical  with  backrest;  d.  vertical  without  backrest. 


Table  II;  Means  and  standard  deviations  for  transmissibility  modulus  and  phase 
with  backrest 
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Table  XIX:  Means  and  standard  deviations  for  transmissibility  modulus  and 
phase  without  backrest 


An  example,  therefor,  is  given  in  Figure  10.  In  Figure  10a,  the  phase  moves  from  0° 
to  -180°  then  jumps  to  +180°  and  decreases  toward  zero.  In  Figure  10b,  which  gives  the  re¬ 
sults  of  different  subjects,  however,  the  phase  moves  continuously  toward  -180°.  This  dis¬ 
crepancy  in  the  behaviour  of  phase  is  well  known  and  has  been  described  by  other  authors 
(see  also  Figure  2) .  Calculating  the  mean  value  from  both  types  of  phase  curves  would 
result  in  phase  values  of  approximately  zero  in  the  higher  frequency  range  which  is  ob¬ 
viously  not  correct.  Since  the  majority  of  our  subjects  had  phase  curves  corresponding 
to  Figure  10b  this  type  was  chosen  for  the  calculation  of  mean  values. 

The  first  maximum  of  all  transmissibility  curves  in  Figure  9  is  located  between  4  and 
5  Hz.  For  horizontal  transmissibility  without  backrest,  a  mean  value  of  4.5  Hz  t  0.6  re¬ 
sults  while  the  vertical  head  movements  peak  at  4.1  Hz  +_  0.39.  With  backrest,  the  hori¬ 
zontal  transmissibility  maximum  is  located  at  5.0  Hz  +  0.95.  The  vertical  component  has 
the  first  maximum  at  4.75  Hz  +  0.45.  (All  values  for  n= 1 1 ) . 

It  has  been  shown  by  our  measurements  that  considerable  horizontal  motion  is  pro¬ 
duced  by  the  head  under  vertical  (z-axis)  vibration  This  means  that  for  operational  con¬ 
ditions  the  published  transmissibility  curves  for  sitting  humans  do  not  represent  the 
complete  reactions  of  the  human  body  to  vibration  stress. 

To  demonstrate  this  fact  the  ratio  of  horizontal  to  vertical  transmissibility  was 
calculated  from  the  values  in  Table  II  and  III  and  plotted  versus  frequency  in  Figure  11  .- 
From  this  it  becomes  clearly  evident  that  without  backrest  75  %  of  the  vertical  trans¬ 
missibility  is  in  the  horizontal  plane  at  resonance  and  remains  at  a  level  of  about  50  % 
up  to  20  Hz.  By  using  a  backrest,  the  horizontal  fraction  of  transmissibility  is  reducted 
to  about  35  %.  It  should, however,  he  noted  that  the  absolute  values  of  magnitude  for 
vertical  transmissibility  are  greater  than  those  without  backrest. 

This  behaviour  of  the  human  head  under  whole  body  vibration  could  also  be  the 
cause  f^r  the  wide  differences  in  vertical  transmissibility  often  found  in  the  literature. 
Our  _ind:ngs,  therefore,  confirm  the  assumption  of  Sandover  [12J  that  differences  in  re¬ 
sults  may  be  produced  by  accelerometer  mounting  alone. 


CONCIXSIONS 


This  first  approach  to  measure  complex  head  motions  induced  by  vertical  vibration 
should  ..  t^mulate  f  \rther  research  in  this  field.  Especially,  the  head  response  in  the 
fiequenc  range  ;JO”e  2e  Hz  is  of  great  interest  because  there  is  evidence  that  the  reso¬ 


nances  of  the  reck  and  'he  eyes  are  located  in  this  region  (4a].  We  were  not  able  to  con¬ 
duct  any  experiments  in  rh<  higher  frequency  range  since  the  head  movements  become  too 
small  to  to  rc mitored  with  the  ..-y  tracker.  The  data  may  be  used  to  improve  existing  mo¬ 
dels  for  the  human  body  ;nd  >.he  heac  neck  system.  Further  investigations  of  this  kind 
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Figure  10;  Vertical  transmissibility  ana  phase  of  two 
different  subjects 


can  lead  to  the  Identification  of  centers  of  rotation  for  complex  head  and  body  motion. 
The  restricted  time  available  for  our  present  study  did  not  allow  a  thorough  investi¬ 
gation  into  this  field.  The  authors,  however,  have  observed  that  the  head  movements  in 
the  lower  frequency  range  investigated  originate  in  the  lcw«>r  regions  of  the  vertebral 
column  while  in  the  higher  frequency  range  the  cervical  part  of  the  vertebral  column 
and  the  head-neck- joints  present  the  hinges  for  rotary  head  motion.  This  is,  however, 
a  speculation  which  has  to  be  verified  in  the  future. 

Finally,  there  is  the  question  how  to  present  standardized  seat  to  head  transmissi¬ 
bility  values.lt  has  already  been  stated,  that  the  traditional  transmissibility  curve 
derived  from  head  acceleration  measurements , which  take  only  the  vertical  component  of 
motion  into  account,  are  not  satisfactory.  The  way  in  which  data  are  presented  in  this 
paper  -  that  means  ellipses,  vertical,  and  horizontal  transmissibility  curves  -  are 
not  easy  to  apply  for  practical  use. 

An  approach  to  aid  the  understanding  of  human  vibration  response  is  the  formulation 
of  an  adaquate  mechanical  model  of  the  human  body  which  incorporates  complex  head  motibn. 
Although  there  is  still  some  opposition  from  the  users  side  to  deal  with  mathematical 
models  instead  of  response  curves,  complex  vibration  response  is  more  easily  evaluated 
by  a  model.  It  will  represent  -  if  properly  designed  -  the  reactions  of  the  body  to 
various  inputs  without  endangering  human  subjects. 
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Figure  1 1 :  Ratio  of  horizontal  to  vertical  transmissibility . 


There  is  however  the  fact  that  using  the  modeling  approach,  the  problems  of 
standardizing  human  vibration  response  is  only  shifted  to  a  higher  level.  That  means, 
the  difficulties  which  are  created  by  the  variability  of  human  response  is  still  with 
us. 
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DISCUSSION 
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The  loci  of  displacement  of  the  head  always  seems  to  go  one  way  -  in  other  words,  the  el ipse  was 
always  bent  in  one  direction.  Have  you  any  idea  why? 
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SUMMARY 


Miss  Mary  E.  Johnston 
Royal  Aircraft  Establishment 
Farnborough,  Hampshire  GU14  6TD,  England 


The  transmission  of  vibration  to  the  heads  of  subjects  seated  in  a  Martin  Baker 
Mk  10B  ejection  seat  exposed  to  vibration  within  the  frequency  range  2-25  Hz  has  been 
measured.  Measurements  wer°  made  for  the  seat  conventionally  mounted  (back  angle  20°  to 
the  vertical)  and  reclined  for  seat  back  angles  of  30°,  45°  and  60°  to  the  vertical. 

r 

The  seat  was  vibrated  using  a  swept  sine  wave  technique  in  eitl  5r  the  vertical  or 
lateral  direction.  Head  motion  in  each  of  the  three  head  anatomical  orthogonal  linear 
axes  (gx,  gy,  gz)  was  measured  on  a  bite  bar  fitted  with  accelerometers.  Ten  subjects 

were  used,  each  fitted  with  a  standard  Mk  2/3  flying  helmet. 

The  results  indicate  that  in  general,  for  a  given  input,  particularly  in  the 
lateral  axis,  head  motion  increased  considerably  when  the  head  was  in  contact  with  the 
rest.  Also  head  motion  both  against  and  off  the  rest  increased  as  the  seat  back  angle  to 
the  vertical  was  increased.  Such  increases  in  vibration  to  the  head  are  very  uncomfortable 
and  could  well  lead  to  a  performance  decrement  for  a  visual  task. 


1  INTRODUCTION 

The  increasing  capability  of  fighter  aircraft  to  perform  sustained  high  acceleration 
turns  means  that  human  g  tolerance  in  the  conventional  upright  seated  posture  will  soon 
be  exceeded.  To  date,  the  anti-g  suit  has  proved  a  valuable  aid  for  reducing  the  effects 
of  g  stress  on  the  pilot  thus  permitting  sustained  accelerations  up  to  about  8  gz,  however 
for  higher  g  levels  it  may  be  necessary  to  use  other  techniques  such  as  reclining  the 
pilot  seat.  It  has  long  been  recognised  that  tolerance  to  sustained  acceleration  is  con¬ 
siderably  greater  when  the  force  is  applied  perpendicular  to  the  long  axis  of  the  body 
(gx)  rather  than  parallel  to  it  (gz).  As  early  as  1937,  Biihrlen1  showed  that  tolerance 
to  gx  acceleration  could  be  up  to  several  seconds  at  17g! 

Reclined  seats  have  been  designed  by  Flight  Systems  Department  (FS4),  RAE  *  and  the 
Institute  of  Aviation  Medicine,  Farnborough.  Such  seats  have  been  used  on  preliminary 
centrifuge  studies  which  have  shown  that  both  human  blackout  tolerance4  and  tracking 
performance5  under  g  stress  are  higher  for  increased  back  angles  of  the  seat.  However 
reclined  seat  design  means  an  increase  (compared  with  an  upright  seat)  in  upper  body 
contact  pressure  with  the  vibrating  surfaces  of  the  seat.  This  may  increase  vibration 
transmission  to  the  occupant  compared  with  an  upright  seat  resulting  in  an  unacceptable 
ride  or  deterioration  in  both  manual  and/or  visual  performance.  A  previous  investigation3 
has  measured  the  vibration  transmission  to  the  head  of  subjects  seated  in  the  FS4  reclined 
seat.  Conclusions  were  that  vibration  levels  at  the  head  were  greater  when  the  head  was 
against  rather  than  off  the  rest. 

This  paper  describes  measurements  of  linear  vibration  at  the  heads  of  subjects 
seated  in  a  standard  Mk  10B  ejection  seat  for  a  linear  vibration  input  at  the  floor. 
Measurements  were  made  with  the  seat  mounted  in  the  conventional  upright  position  (with  a 
seat  back  angle  of  20°  to  the  vertical)  and  also  reclined  at  seat  back  angles  of  30°,  45° 
and  60°.  The  results  are  in  ‘•he  form  of  vibration  acceleration  ratios,  both  single  axis 
[vertical  output  acceleration/vertical  input  acceleration]  and  cross  axi3  [lateral  output 
acceleration/vertical  input  acceleration,  etc]  for  both  vertical  and  lateral  vibration 
inputs. 

2  CHOICE  OF  INPUT  FUNCTION  -  SWEPT  SINE  TECHNIQUE 


l  % 


'i 


Seldom  in  real  life  does  one  encounter  the  sinusoidal  oscillations  of  constant 
amplitude  and  frequency  which  are  often  used  for  input  signals  in  experiments  to 
measure  body  impedance  or  transmissibility .  In  such  experiments  subjects  may  be  exposed 
to  several  minutes  of  sinusoidal  oscillation  whereas  in  real  life  rarely  can  one  find 
records  showing  more  than  about  ten  oscillations.  The  alternative  input  functions  are 
random  input  or  swept  sine  input.  If  a  random  signal  is  used  the  question  of  statistical 
reliability  and  random  error  arises.  It  can  be  shown6  chat  for  reasonable  random  and 
bias  errors  and  for  frequencies  up  to  about  30  Hz,  record  lengths  of  about  100-200  seconds 
must  be  considered. 


For  the  swept  sine  input  normally  the  frequency  increases  (or  decreases)  linearly 
with  time.  Past  researchers  who  had  used  swept  sine  techniques  for  testing  moderately 
damped  systems  had  reached  an  empirical  law  which  staced  that  for  a  reasonable  output 
response  signal  sweep  rates  of  approximately  1  Hz/s  (for  the  low  frequency  end  of  the 
spectrum)  were  to  be  recommended.  Thus  swept  times  of  20  seconds  for  the  2-25  Hz  bands 
were  selected  for  this  experiment. 


? 
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However  the  swept  sine  technique  although  overcoming  the  problem  of  lengthy  and 
'unreal'  experiments  has  disadvantages.  If  the  response  of  the  body  to  vibration  inputs 
is  non  linear  such  that  harmonics  of  the  forcing  frequency  are  generated  then  the  only 
technique  which  can  be  used  to  give  a  general  solution  is  of  the  single  sine  wave  input 
type.  To  date  there  is  no  strong  evidence  t<‘  suggest  that  human  response  to  vibration 
is  non  linear  either  in  the  upright  or  reclined  postures.  The  second  disadvantage  cf 
the  swept  sine  technique  is  that  by  definition  it  is  a  transient  and  it  can  be  shown  that 
initial  output  levels  can  be  generated  which  are  in  excess  of  the  input  amplitude. 
Mathematically  we  are  still  measuring  cause  and  effect,  so  the  calculation  of  the 
frequency  response  will  not  be  affected.  Investigations  by  Griffin  etaZ7  into  the  ractors 
which  may  affect  the  transmission  of  vertical  z  axis  vibration  to  the  head  over  the 
frequency  range  1-100  Hz  have  indicated  that  there  was  general  agreement  in  transmissibility 
measures  obtained  using  the  three  measurement  techniques,  discrete  sine,  swept  sine,  and 
random  input. 

In  summary,  it  was  felt  that  tne  single  sine  wave  technique  suffers  from  the  require¬ 
ment  of  a  long  duration  experiment  which  imposes  unnatural  constraints  on  the  subject 
in  terms  of  maintaining  posture  etc.  Since  we  have  no  -?vid^noe  to  sugge-c  non  linearity 
of  the  human  response  to  vertical  or  lateral  axis  vibration  Tit  was  felt  that  the  use  of  a 
swept  sine  technique  was  preferable  for  this  experiment. 

3  EQUIPMENT 

The  vibration  test  was  carried  out  on  the  RAE  two-axis  man-carrying  vibration 
facility®.  The  frequency  range  2-25  Hz  was  examined.  This  range  was  chosen  since  it  covers 
most  of  the  known  human  body  major  resonances;  it  also  includes  the  main  flexural 
frequencies  of  aircraft  motion  during  turbulence.  The  acceleration  amplitudes  of  1.5  ms' 
and  3  m  s“2  rms  were  chosen  to  approximate  to  those  acceleration  levels  of  aircraft  motion 
experienced  during  moderate  and  extreme  levels  of  turbulence. 

3.1  Description  of  the  seat 

A  Martin  Baker  Mk  10B  ejection  seat  was  used  as  shown  in  Fig  1.-  It  is  current  in 
Hawk  and  Tornado  aircraft . 

A  mounting  frame  of  omm  thick  iron  angle  was  made  to  support  the  seat  both  in  the 
conventional  upright  position  (back  angle  20°  to  the  vertical),  when  the  head  was 
supported  vertically  upright,  and  also  reclined  with  back  angles:  30°,  45°  and  60°  to  the 
vertical  (constant  seat  pan/back  angle).,  A  temporary  foot  rest  was  provided  for  the  sub¬ 
jects  in  the  45°  and  60°  attitudes.  The  seat  was  adjusted  in  back  length  for  each  subject, 
to  obtain  the  most  comfortable  position  and  also  the  correct  head  position  on  and  off  the 
rest.  Seat  harness  was  provided  and  was  worn  tightened  to  flight  standards. 

3.2  Subjects 

Ten  fit  male  subjects  who  were  well  acquainted  with  vibration  experiments  or  who  had 
previous  in-flight  experience  were  used,  their  height  and  weight  being  given  in  Table  1. 

Each  was  correctly  fitted  with  a  Mk  2/3  flying  helmet  without  a  mask. 

3.3  Instrumentation 

Acceleration  was  measured  at  the  vibration  table  and  also  at  the  mouth  of  the  seated 
subject.  The  linear  accelerations  of  the  head  were  measured  by  three  Ether  Type  BLA2  strain 
gauge  aceeleromecers  mounted  onto  a  small  cube  secured  to  the  specially  designed  bite  bar 
which  also  carried  three  angular  accelerometers,  as  shown  in  Fig  2.  The  linear  accelero¬ 
meters  were  each  of  a  half  bridge  strain  gauge  type,  the  other  half  bridge  was  provided 
in  SEL  carrier  amplifiers  Type  SE  423/1.  The  demodulated  outputs  from  these  amplifiers 
were  passed  through  low  pass  filters  set  at  30  Hz  to  remove  the  accelerometer  resonance 
frequency  before  FM  recording.  Each  linear  accelerometer  was  calibrated  by  re-orientation 
in  the  earth  gravitational  field  (±lg)  and  the  dc  outputs  were  measured.  The  total  weight 
of  the  bite  bar,  dental  mould  and  accelerometers  wus  approximately  300  grams.  The  main 
contribution  to  the  weight  was  from  the  angular  accelerometers,  the  results  from  which  are 
to  be  included  in  a  separate  report,  however  these  were  the  smallest  commercially  available 
at  the  time.  This  additional  weight  on  the  head  due  to  the  bite  bar  and  accelerometers 
was  comparable  with  that  of  an  oxygen  mask  and  hose  which  is  normally  worn  during  flight. 
However  for  theee  trials  no  oxygen  mask  could  be  worn  because  of  the  use  of  the  bite  bar  - 
and  the  assumption  was  therefore  made  that  the  bite  bar  and  mask  provided  an  equivalent 
dynamic  loading. 

3.4  Analysis 

The  recorded  signals  were  passed  through  low  pass  anti-aliasing  filters  set  at  25  Hz 
prior  to  analysis  via  fast  Fourier  transform  [FFTj  techniques  on  a  Hewlett  Packard  Fourier 
analyser  Type  5451B.  Acceleration  ratios  were  computed  by  dividing  the  output  spectrum  of 
the  head  vibrations  for  each  of  the  three  orthogonal  linear  axes  by  the  linear  spectrum  of 
the  approximate  simultaneous  (input)  table  vibration.  Results  for  all  the  subjects  were 
compared  for  each  condition.  The  typical  acceleration  ratio  response  from  one  subject  out 
of  the  ten  has  been  shown  for  each  vibration/seating  condition  in  Figs  3  to  j.0. 

The  vibration  measurements  presented  in  this  paper  are  with  reference  to  the  three 
anatomical  linear  axes  of  the  head  (defined  in  Ref  9)  since  it  is  to  these  reference  axes 
that  most  human  factors  data  are  referred. 
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4  EXPERIMENTAL  PROCEDURE 

The  seat  was  adjusted  for  each  subject  and  the  seat  harness  tightened  to  flight 
standards.  The  subject  sat  relaxed  with  his  feet  on  the  floor  (or  resting  on  the  foot 
rest  for  inclinations  of  45°  and  60°)  and  hands  resting  on  thighs.  Subjects  were 
instructed  to  maintain  an  alert  posture  during  each  20  second  vibration  exposure  with 
eyes  fixed  on  a  point  on  the  vibrator  room  wall.  Subjects  were  observed  to  make  sure  that 
the  postures  used  were  representative  and  consistent.  The  variation  in  body  posture 
possible  within  the  tight  strapping  conditions  over  the  20  second  duration  of  the  frequency 
sweep  was  found  to  be  small. 

Acceleration  ratio  measurements  were  made  using  a  frequency  sweep  2-25  Hz,  lasting 
20  seconds  with  a  nominally  constant  input  acceleration  amplitude.  Table  2  gives  the 
vibration  conditions  used  for  each  test.  Two  acceleration  levels  1.5  ms-2  and  5  m  s“2 
rms  as  measured  at  che  vibration  table  were  used  in  each  of  the  vertical  and  lateral  axes. 
The  cross  axis  response  of  the  vibration  rig  was  less  than  5S,  ie  vertical  input  produced 
negligible  lateral  motion  and  vice  ver-a.  The  subject  was  exposed  to  each  vibration  condi¬ 
tion  twice,  once  with  his  head  held  firmly  against,  and  once  with  his  head  just  off  the 
rest . 

5  RESULTS 

Pigs  3  to  6  show  typical  vibration  table  to  subject  head  acceleration  ratios  for  a 
vertical  input  vibration  and  Pigs  7  to  10  those  for  a  lateral  input  vibration  for  each 
seating  condition:  20°  (conventional),  30°,  45°  and  60°  seat  back  angles  to  the  vertical. 
The  ranges  of  frequency  and  acceleration  ratio  of  the  main  peaks  (numbered  1  and  2  in 
Pigs  3  to  10)  in  the  response  of  each  of  the  ten  subjects  are  shown  in  Tab^e  3.  Initial 
investigations  of  the  vibration  response  of  the  seat  head  rest  per  ee  did  not  indicate  any 
vertical  or  lateral  resonances. 

5.1  Vertical  vibration  input 

5.1.2  The  effect  of  reclined  seating  on  vertical  axis  head  motion 

Pigs  3(i)  to  6(i)  show  the  acceleration  ratios  of  vertical  vibration  to  the  head 
when  the  seat  was  mounted  with  seat  back  angles  to  the  vertical  of:  20°  (conventional), 

30°,  450  and  60°  respectively. 

When  the  head  was  against  the  rest  there  were  two  peaks  in  the  vertical  acceleration 
ratio  indicated  at  4-6  Hz  and  8-14  Hz  for  all  seating  conditions  for  both  levels  of  input 
vibration.  The  frequencies  of  these  peaks  correspond  to  main  shoulder  and  head 
resonances10.  The  amplitude  ratios  of  the  4-6  Hz  peak  remained  within  the  same  ranges  of 
0.7-1. 8  and  0.6-2. 2  for  the  3  ms-2  and  1.5  ms-2  input  conditions  respectively  for  all 
seating  conditions.  The  amplitude  of  the  8-14  Hz  peak  increased  as  the  seat  was  reclined 
to  60°  to  2. 4-3. 2  at  3  ms-2  input  an1,  to  1.5-3. 7  at  1.5  ms-2  input. 

When  the  head  was  off  the  rest  there  were  also  two  peaks  in  vertical  acceleration 
ratio  at  5-8  Hz  and  9-14  Hz  for  all  seating  conditions  except  the  30°  seat  for  the 
1.5  m  s~2  vibration  input  level.  In  this  condition  the  5-8  Hz  peak  was  not  evident,  but 
may  have  been  masked  in  the  larger  amplitudes  of  the  9-14  Hz  peak  (amplitude  2. 3-3. 8). 

For  the  conventionally  mounted  (20°  back  angle)  case,  the  amplitudes  of  *he  peaks  when  the 
head  was  off  the  rest  were  similar  to  those  with  the  head  against  the  rest  for  both 
input  conditions.  However,  as  the  seat  was  reclined  the  amplitudes  of  both  peaks 
increased.  The  amp)itudes  of  the  5-8  Hz  peaks  increased  from  1-1.6  and  1-2.2  for  the 
3  ms"2  and  1.5  ms"2  input  conditions  respectively  for  a  conventionally  mounted  seat  to 
1.8-2. 8  and  1.5-3  for  a  seat  mounted  with  a  60°  bank  angle. 

I:  is  interesting  to  note  that  when  the  head  was  held  against  the  rest  the  amplitude 
of  the  main  resonance  at  4-6  Hz  remained  constant  as  the  seat  was  reclined  which  resulted 
in  the  head  on  shoulder  resonance  or  possible  pitching  resonance1 1  of  the  head  at  8— 14  Hz 
predominating  at  a  60°  seat  back  mounting.  Whereas  when  the  head  was  off  the  rest  both 
resonances  were  of  nominally  equal  magnitudes  for  all  seat  back  angles  with  the  curious 
exception  of  the  30°  seat  inclination. 

5.1.2  The  effect  of  reclined  seating  on  cross-axis  lateral  head  motion 

Pigs  3 ( i i )  to  6 ( ii )  show  the  acceleration  ratios  of  cross  axis  lateral  vibration 
(lateral  output/vertical  input)  to  the  head  when  the  seat  was  mounted  at  various  back 
angles  to  the  vertical. 

When  the  head  was  against  the  rest  there  was  a  single  peak  in  response  at  between 
7  and  13  Hz  for  all  seat  conditions  and  input  conditions.  This  corresponds  to  a  possible 
resonance  of  the  head  at  about  8  Hz  as  •’’ndicated  in  the  work  by  Barnes  and  Ranee12. 

This  work  showed  an  increase  ir.  roll  motion  at  about  8  Hz  when  a  subject  was  vibrated  in 
yaw.  When  the  head  was  against  the  rest  the  point  of  contact  head  to  rest  acted  as  a 
pivot  point  cf  motion.  Any  roll  motion  of  the  head  about  this  pivot  point  would  produce 
a  lateral  component  when  measured  at  the  mouth  (about  0.2  m  in  front  of  the  pivot  point). 
This  peak  at  7-13  Hz  was  most  apparent  for  the  low  1.5  ms"2  input  condition  when  it 
increased  from  an  amplitude  of  0.6-4  for  the  upright  seat  to  3.4-6  for  the  60°  mounted 
seat.  When  the  head  was  removed  from  the  rest  the  acceleration  ratios  were  greatly 
reduced  to  below  0.5  for  most  conditions. 
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5.1.3  The  effect  of  reclined  seating  on  cross-axis  fore/aft  head  motion 

Pigs  3(iii)  to  6 ( ii i )  show  tne  effect  of  reclined  seating  on  the  acceleration 
ratios  of  cross  axis  fore/aft  vibration  to  the  head. 

When  the  seat  was  mounted  conventionally  and  also  when  reclined  to  a  back  angle  of 
30°  to  the  vertical  the  acceleration  ratio  was  low,  peaks  occurring  of  amplitudes  up  to  1 
for  frequencies  below  10  Hz  and  was  less  than  0.3  for  frequencies  above  10  Hz  wnen  the 
head  was  against  or  off  the  rest.  Por  the  seat  reclined  at  45°  there  were  two  peaks  in 
response  when  the  head  was  against  the  rest.  The  peaks  occurred  at  7-9  Hz  and  11-15  Hz. 

These  were  within  the  amplitude  range  of  0.5-1. 4  and  0. 3-1.1  for  each  input  condition 
respectively.  When  the  head  was  lifted  off  the  rest  the  11-15  Hz  peak  disappeared  .ind  the 
7-9  Hz  peak  was  reduced  in  amplitude  to  below  0.7.  When  the  seat  was  further  reclined  to 
60°  the  acceleration  ratios  for  all  vibration  conditions  showed  a  peak  at  6-9  Hz  When 
the  head  was  against  the  rest  f-is  peak  had  an  amplitude  of  1-2  and  1-2.5  respectively  for 
the  3  ms-2  and  1.5  ms-2  input  conditions.  When  the  head  was  lifted  off  the  rest  the 
amplitudes  of  the  peaks  were  approximately  halved. 

5.2  Lateral  vibration  input 

5.2.1  The  effect  of  reclined  seating  on  cross-axis  vertical  head  mo. ion 

Pigs  9(i)  and  10(i)  show  the  acceleration  ratios  of  cross  axis  vertical  vibration, 
to  the  head  when  the  seat  was  reclined  at  45°  and  60°  back  angles.  For  other  seat  mounting 
angles  the  cross  axis  response  of  vertical  vibration  to  the  head  was  small  (<  0.8)  for  ooth 
head  against  or  off  the  rest.  At  bac1'  angles  of  45°  and  60°  when  the  head  was  on  the  rest 
peaks  in  response  of  up  to  1  were  found  at  5-10  and  12-14  Hz  for  the  3  m  s“2  input 
condition,  .or  the  1.5  ms-2  input  condition  of  the  45°  seat  only  one  peak  was  indicated 
at  11-15  Hz  of  amplitude  0.7-1. 6  but  for  the  60°  back  angle  two  peaks  again  occurred  at 
6-9  Hz  and  13-15  Hz  These  peaks  correspond  well  with  head  and  head  on  shoulder  resonances.: 

When  the  head  was  lifted  off  the  rest  for  the  45°  back  angle  one  peak  was  indicated 
at  5-12  Hz  (amplitude  0.5-0. 6)  for  the  3  ms-2  input  and  at  12-13  Hz  (amplitude  0. 3-1.1) 
for  the  1.5  ms-2  irput.  For  the  60°  back  angle  a  single  peqk  was  indicated  at  5-9  Hz 
(amplitude  0.3-0. 9  for  3  ms-2  input  and  0.5-1. 4  for  1.5  ms-2  input  conditions). 

5.2.2  The  affect  of  reclined  seating  on  lateral  axis  head  motion 

Figs  7 ( ii )  to  10(ii)  show  the  acceleration  ratio  responses  of  lateral  vibration  to 
the  head  for  the  various  seat  back  angles. 

When  the  head  was  against  the  rest  for  all  vibration  conditions  and  seat  back  angles 
there  was  a  peak  in  response  at  5-12  Hz.  Its  amplitude  for  the  3  ms-2  input  of  2. 1-4.1 
for  the  conventional  20°  seat  mounting  position  was  reduced  to  0.5-2. 5  and  1.5-2. 7  for  the 
30°  and  45°  reclining  positions  respectively  but  was  rather  higher  (2. 5-3. 2)  for  the  60° 
back  angle.  For  the  1.5  m  s~2  input  the  amplitudes  were  slightly  higher  than  for  the  3  ms-2 
input  but  showed  the  same  trend  with  seat  back  angle.  For  the  20°  and  45°  back  angles  for 
both  input  conditions  there  was  also  a  peak  at  15-18  Hz  of  amplitude  for  the  3  m  s-2  input 
condition  of  0.9-2. 5  and  0.4-1  ?  respectively  for  each  seat  condition  and  for  the  1.5  ms-2 
input  of  0.7-3  and  C.6-2.2  respectively.  These  15-18  Hz  peaks  were  probably  masked  in 
intersubjtct  scatter  for  the  other  back  angles. 

When  the  head  was  lifted  off  the  rest  the  acceleration  ratio  was  greatly  reduced 
(<  0.3)  for  frequencies  above  4  Hz  for  all  vibration  and  seat  conditions.  Below  A  Hz  there 
was  some  indication  of  peaks  in  response  but  with  maximum  amplitudes  of  1. 

5.2.3  The  effect  of  reclined  seating  on  cross  axis  fore/aft  head  motion 

Figs  9 ( iii )  and  10(iii)  show  the  acceleration  ratios  of  cross  axis  fore/aft  vibration 

to  the  head  when  the  seat  was  mounted  at  45°  and  60°  seat  back  angles.  For  other  seat 
mounting  tngles  the  acceleration  ratios  showed  large  intersubject  scatter  ard  were  less 
than  0.5  for  both  head  against  or  off  the  rest. 

At  seat  back  angles  of  **5°  and  60°  when  the  head  was  against  the  rest  for  both 
input  conditions  there  were  two  peaks  in  transmission  at  6-10  and  12-15  Hz  of  amplitudes 
0.1-0. 7  and  0.2-C.b  respectively  for  both  input  conditions  at  a  45°  back  angle  and 
amplitudes  0. 3-1.1  and  0.8-1. 7  respectively  for  both  input  conditions  at  a  60°  back  angle. 

When  the  head  was  lifted  off  the  rest  the  amplitudes  of  any  peaks  was  minimal  (less 

than  0.6)  and  intersubject  scatter  was  increased. 

6  CONCLUSIONS  AND  FURTHER  WORK 

Transmission  of  vibration  to  the  head  increased  as  the  seat  back  angle  to  the 
vertical  was  increased.  This  was  most  evident  when  the  head  was  against  the  rest,  par¬ 
ticularly  in  the  lateral  axis  for  a  vertical  input  \ibration  at  the  1.5  ms-2  input  level. 
For  some  conditions  there  was  a  large  reduction  in  transmission  for  increased  acceleration 
level  input.  This  was  possibly  due  to  two  ma4n  factors.  Firstly  stiffening  up  of  the 
neck  muscles  under  the  more  uncomfortable  higher  vibration  input  conditions.  Secondly  for 
some  conditions  there  was  a  large  intersubject  variability.  This  may  have  been  due  not  only 
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to  the  different  biomechanical  characteristics  of  each  subject  but  also  the  various 
extents  to  which  each  subject  pressed  his  head  against  the  rest.  When  the  vibration  was 
more  uncomfortable  he  pressed  his  head  less  hard.  The  amplitude  results  presented  in  this 
paper  must  be  interpreted  with  care,  however,  they  do  indicate  the  approximate  frequencies 
of  maximum  nead  motion.  If  a  reclined  seat  design  is  tc  be  practical  the  pilot's  head  has 
to  be  supported  for  all  or  most  of  the  time  by  a  head  rest.  These  results  show  a  large 
increase  in  vibration  transmitted  to  the  head,  when  it  is  held  against  a  rest.  This 
increase  in  vibration  would  probably  be  unacceptable  from  a  consideration  of  comfort  and 
performance  of  visual  tasks.  Since  the  transmission  of  vibration  to  the  head  when  the 
head  was  off  the  rest  did  not  increase  so  dramatically  with  increasing  seat  angle,  it 
would  seem  that  with  an  efficient  vibration  isolating  head  rest  the  use  of  an  inclined 
pilot's  seat  would  not  adversely  affect  a  pilot's  vibration  rating  of  a  'ride'  in  terms 
of  comfort  and  task  performance,  as  compared  to  a  seat  without  such  an  isolator. 


Table  1 


Table  2 


Subject  parameters 


Test  conditions 


Frequer. 

c>  range 

2-25  Hz 

Test 

No. 

Acceleration 

level 

(m/s2) 

Subject 

posture 

3.0 

1.5 

Head 

on 

Head 

off 

1 

/ 

/ 

/ 

2 

/ 

/ 

/ 

/ 

3 

/ 

/ 

4 

/ 

/ 

Subject 

No. 

Age 

(years) 

Height 

(m) 

Weight 

(kg) 

1 

36 

1.73 

60. 5 

2 

25 

1.78 

73 

3 

29 

1.79 

69 

4 

40 

1.79 

70.6 

5 

38 

1.75 

62.2 

6 

42 

1.67 

60 

7 

35 

1.79 

61.2 

8 

32 

!  .80 

63.5 

9 

30 

1.79 

66.6 

10 

33 

1.80 

76.2 

Table  3 

The  ranges  in  frequency  and  acceleration  ratio  of  the  major  peaks  (10  subjects) 


Vertical  input: 


Output  axis 

Vertical 

Lateral 

Fore /aft 

Head  position  on  rest 

On 

Off 

On 

Off 

On 

Off 

Input  acceleration 
level  m  s-2 

3 

1.5 

3 

1.5 

3 

1.5 

3 

1.3 

3 

1.5 

3 

1.5 

Seat  angle  20° 

Peak  number 

1 

2 

1 

2 

1 

2 

1 

2 

1 

1 

2 

1 

1 

1 

1 

Acceleration  ratio 

range : 

Upper 

1.6 

1.8 

2.2 

2.4 

1 .6 

1.5 

2.2 

1.7 

1.2 

4 

1.2 
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1 

1 
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0.9 
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1 

1 

1 

1 

0.8 

0.3 

0.6 

0.2 

0.3 

0.2 

0.2 
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Frequency  range,  Hz 
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6 

12 

7 

13 
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11 
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13 

11 

10 

18 
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6 
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8 

5 

10 

5 

10 
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8 

17 

Scat ter 

Scatter 

5 

6 

3 

3 _ 
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l 

1 

2 

1 

2 

1 

2 

1 

1 

1 

1 
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1  ra*jge . 
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1.7 
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3. . 
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3.2 

3 

H 

1.2 

2 

.1 

<0.3 

<0.9 

<1.0 

<0.7 

1.1 

1.1 

Lower 

1.2 

0.5 

0.8 

1.3 
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1.5 

J. 

3 

0.5 

0 

.2 

0.1 

0.3 

Frequency  range.  Re 

Upper 

5 

12 

6.5 

14 

7 

11 

i 

3 

o 

13 
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Large 

Large 
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7 

10 

Lower 

4 

8 

5  ej 

10 

5 

9 

9 

5 

L 

9 

Scatter 

Scatter 

Scatter 

Scatter 

5 

8 

Table  3  (continued) 


Vertical  input  (concluded) : 


Output  axis 


Head  position  on  rest!  On 


Vertical 


Fore/aft 


Input  acceleration 
level,  m  s"2 


Seat  angle  45° 


Peak  number 


Acceleration  ratio 
range : 

Upper 

Lower 


Frequency  range,  Hz 
Upper 
Lower 


Seat  angle  60° 


Peak  number 


Acceleration  ratio 
range: 

Upper 

Lower 


Frequency  range,  Hz 
Upper 
Lower 


mini 


1.8  2.3  1.9  4  2  2  2.6  2.1 

0.7  1.6  1  2.6  0.9  1.2  1.2  I.4I0.6  I  1.6 


6  12  6  11  7  11  8  14  10  9  Large  Large  8  14  9  15  8  |9 

5  8  4.5  8  5  9  4.5  9  7  8  Scatter  Scatter  7  117  117 


Ml— 


I 


1.6  3.2  1.9  3.7  2.4  2  3  2.5  1.5  6.6 

1.2  2.4  I  1.5  1.8  l.t  1.5  1.5  0.6  3.4 


4.5  12  58595  II  8 


<0.4 
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2 

1 
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Large 
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8 

6 
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Lateral  input 


Output  axis 


Head  position 
on  rest 


Vertical 

Lateral 

J  Fote/aft 

On 

Off 

On 

Off 

On 

Off 

3 

1.5 

1 

3 

1 

1.5 

3 

1.5 

3 

1.5 

3 

1.5 

3 

1.5 

2  1  2 


<0.7  <0.8  <0.3  <0.5  4.1  2.5 

2.1  O.9I1.9 


Large  Large  Large  I  Large  19  ) 1 7  III  1 18  I  4 


Seat  angle  ?0° 


Peak  number 


Acceleration 
ratio  range: 

Upper 

Lower 


Frequency 
range,  Hz 

Upper 

Lower 


Seat  angle  30° 


Peak  number 


Acceleration 
ratio  range: 

Upper  <0.4  <0.5  <0.5  <0.4  2.5 

Lover  0.5 


Frequency 
range,  Hz 

Upper 

Lower 


.2  0.2 


5  5 


<0.5 
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<0.2 
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<1 

<0.5 

<0.4 

<0.3 

<0.2 
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* 

J 1-7 


Table  3  (concluded) 


Lateral  input  (concluded): 


Output  axis 

Vertical 

Lateral 

Fore /aft  j 

Head  position 
on  rest 

On 

Off 

On 

Off 

On 

Off 

Input  accelera. 
tion  level, 
m  s“2 

3 

1 

.5 

3 

1.5 

■ 

1 

5 

3 

1.5 

3 

l.S 

3 

1.5 

Seat  angle  45° 

■ 

■ 

m 

| 

■ 

■ 

■ 

I 

■ 

Peak  number 

1 

2 

I 

2 

l 

2 

1 

1 

2 

9 

2 

Acceleration 
ratio  r- lge: 

1 

Upper 

1 

1 

6 

0.6 

I.I 

2.7 

m 

3.3 

2.2 

0.6 

1 

0.7 

0.4 

0.5 

0.6 

<0.3 

<0 

.3 

Lower 

0 

7 

0.5 

0.3 

1.5 

1.8 

0.6 

0.3 

0.3 

0.1 

0.2 

0.2 

m 

Frequency 
renge,  Hz 

■ 

■ 

Upper 

10 

14 

15 

12 

13 

12 

16 

14 

17 

3 

4 

9 

15 

9 

13 
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Lower 

8 

13 

11 

5 

1 

12 

a 

15 

2 

1.5 

□ 

14 

8 

14 

Scatter 

BBS 

Seat  angle  60° 

■ 

1 

1 

■ 

1 

■1 

■ 

■ 

mm 

m 

Peak  number 

1 

2 

u 

1 

1 

1 

■ 

1 

2 

1 

2 

2 

Acceleration 
ratio  range: 

1 

1 

i 

■ 

■ 

1 

1 

I 

Upper 

1 

■ 

I 

1.2 

I 

3. 

2 

4 

1 

! 

B 

ffl 

1 

1.7 

0.6 

m 

0.6 

Lower 

0.3 

m 

B 

0.4 

0.3 

EE 

2. 

5 

3 

0 

0.4 

1 

m 

0.3 

1 

0.1 

i 

0.1 

Frequency 
range : 

Upper 

8 

14 

9 

15 

9 

9 

8 

10 

3 

5 

9.5 

14 

9 

15 

9 

10 

13 
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5.5 

_ 

12 

6 

13 

5 

6 

‘ 

L 

1 

4 

3 

12 

8 

13 

8 

9 
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- Head  on  rest 
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- 

_ 

- Head  off  rest 

Vert  out 

1 

lo/i\ _ 

Fore/aft  out 


Vert  in 


10  IS 

Frequency  Hz 


Mk  10B  ejection  seat  -  seat  back  angle  20°  to  the  vertical. 
Typical  acceleration  ratios  for  a  constant  amplitude  swept 
sine  input.  Vertical  vibration  input 


Acceleration  ratio 


Vert  out 
Vert  in 


•  u-''-  "  ^ 2 
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—  Head  on  rest 
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Lat  out 


Vert  in 
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Vert  m 
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Frequency  Hz 


Mk  1  OB  ejection  seat  -  seat  back  angle  30°  to  the  vertical 
Typical  acceleration  ratios  for  a  constant  amplitude  swept 
sine  input.  Vertical  vibration  input 


Acceleration  ratio 


Vert  out 


Vert  in 
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•—Head  on  rest 
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Fore  /aft  out 


Vert  in 
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3'°  (Acceleration  ratio 


Mk  10B  ejection  seat  -  seat  back  angle  60  to  the  vertical. 

Typical  acceleration  ratios  for  a  constant  amplitude  swept 
sine  input.  Vertical  vibration  input 
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ition  ratio  f  l  \  Lo-  1.5ms-,rms 

//  \  \  - Head  on  rest 

X  \  - Head  off  rest 


Lat  out 


Lat  out 
Lat  in 


Frequency  Hz 

Mk  10B  ejection  seat  -  seat  back  angle  20°  to  the  vertical. 
Typical  acceleration  ratios  for  a  constant  amplitude  swept 
sine  input.  Lateral  vibration  input 


Acceleration  ratio 


Hi  -  3n.s_Irms 
to-  I.Sms"*  rms 

- Head  on  rest 

- Head  off  rest 


Frequency  Hz 

Fig  8  Mk  108  ejection  seat  -  seat  back  angle  30°  to  the  vertical 
Typical  acceleration  ratios  for  a  constant  amplitude  swept 
sine  input.  Lateral  vibration  input 
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.Acceleration  ratio 
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Fig  9  Mk  10B  ejection  seat  -  seat  back  angle  45°  to  the  vertical. 
Typical  acceleration  ratios  for  a  constant  amplitude  swept 
sine  input.  Lateral  vibration  input 
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Fig  10  Mk  10B  ejection  seat  -  seat  back  angle  60°  to  the  vertical. 
Typical  acceleration  ratios  for  a  constant  amplitude  swept 
sine  input..  Lateral  vibration  input 
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DISCUSSION 


LT.COL.  H.  VONRESTORFF  (FRG) 

Did  you  ensure,  during  inclination  of  the  seat,  that  the  head  co-ordinates  remained  constant  with 
respect  to  earth  co-ordinates? 

AUTHOR'S  REPLY 

The  vibration  measurements  reported  are  with  respect  to  the  anatomical  co-ordinates  of  the  head, 
since  it  is  in  these  co-ordinates  that  previous  human-factors  data  were  recorded.  As  the  seat  was 
reclined,  these  head  co-ordinates  diverged  from  the  earth  co-ordinates.  However,  we  were  interested 
in  the  effect  of  reclining  the  Mk  10B  ejection  seat  on  the  transmission  of  vibration  to  the  head. 

To  have  maintained  the  head  in  a  vertical  position  would  have  required  an  additional,  non  standard, 
headrest,  and  would  have  contributed  an  additional  variable. 


LT.  COL.  W.  VONRESTORFF  (FRG) 

Vfhy  did  you  use  identical  acceleration  inputs  in  both  vertical  and  lateral  axes? 

AUTHOR'S  REPLY 

This  was  done  for  consistency.  These  conditions  include  the  main  flexural  frequencies  of  aircraft 
motion  during  turbulence  and  embrace  the  known  human  body  resonances. 


WC.CDR.  D.H.  GLAISTER  (UK) 

How  representative  was  the  headrest  used  in  the  reclined  seat?  In  view  of  its  deleterious  effect 
on  vibration  transmission,  have  you  looked  into  a  headrest  incorporating  some  form  of  vibration 
isolation? 

AUTHOR'S  REPLY 

The  standard  Martin  Baker  Mk  10B  ejection  seat  headbox  was  used.  He  have  done  tests  on  reclined 
seats  fitted  with  solid  headrests  and  in  general  head  motion  increased  considerably  with  head  contact. 
The  design  of  a  headbox  to  incorporate  vibration  isolation  is  included  as  a  possible  item  on  our 
future  programme  of  work. 


GEN.  J.  FORESTIER  (FR) 

The  exact  definition  of  the  seat  is  still  unclear  to  me.  Has  it  a  standard  Mk  10B  with  fixed  headrest 
as  referred  to  in  the  text,  or  a  similar  seat  with  some  kind  of  headrest  "supporting  the  head 
vertically  upright  for  all  back  angles  of  the  seat"  as  shown  in  your  figure  2? 

AUTHOR'S  REPLY 

I  am  sorry  for  the  confusion.  Figure  2  was  intended  only  to  illustrate  the  acceleration  measuring 
technique  using  a  bite-bar.  The  seat  was  a  standard  Mk  10B  fitted  with  its  standard  headbox.  No 
additional  head  support  was  used  so  the  head  was  not  held  vertically  upright  for  all  seat  back  angles. 


THE  EFFECTS  OF  AIRCRAFT  VIBRATION  ON  VISION 
by 


G.  R.  Barnes 

RAF  Institute  of  Aviation  Medicine, 
Farnborough,  Hants,  GUI  4  6SZ,  UK 


SUMMARY 

Movements  of  the  head  resulting  from  aircraft  vibration  can  result  in  a  decrement  in  visual  perfor¬ 
mance  as  a  result  of  limitations  in  the  response  of  two  mechanisms,  the  pursuit  reflex  and  the  vestibulo- 
ocular  reflex,  which  are  responsible  for  eye  stabilization.  A  series  of  experiments  has  been  conducted  in 
order  to  assess:  (a)  the  frequency  characteristics  of  the  vestibulo-ocular  and  pursuit  reflexes;  (b)  the 
ability  of  subjects  to  suppress  reflex  vestibular  eye  movements  whirh  become  inappropriate  when  viewing  a 
helmet-mounted  display;  (c)  the  effect  of  relative  movement  between  the  eye  and  the  viewed  object  on  visual 
performance,  and  (d)  the  biodynamic  response  of  the  head  during  vibration  which  gives  rise  to  stimulation 
of  the  vestibular  system.  The  results  of  these  experiments  are  discussed  in  an  attempt  to  estimate  the 
effects  of  aircraft  vibration  on  visual  performance. 


INTRODUCTION 

The  ability  of  aircrew  to  maintain  visual  acuity  is  essential  for  the  proper  control  of  the  aircraft. 
Vibration  at  the  head  can,  under  specific  conditions,  cause  movement  of  the  retinal  image  and  hence  impair 
visual  acuity  as  a  result  of  image  smear.  One  such  condition  arises  during  stimulation  of  the  vestibular 
apparatus  of  the  inner  ear,  which  induces  reflex  eye  movements,  the  function  of  which  is  to  compensate  for 
head  movement  and  thus  stabilize  the  eye  in  space.  As  a  consequence  man  is  able  to  maintain  fixation  cf 
earth-fixed  objects  during  vibration  and  to  preserve  visual  performance  at  levels  comparable  to  those  for 
static  conditions.  However,  if  the  object  of  fixation  is  also  subject  to  the  same  vibration,  the  vestibu- 
larly  induced  eye  movement  is  inappropriate  and  must  be  suppressed  or  modified  for  visual  acuity  to  be 
preserved.  This  effect  is  particularly  relevant  to  the  use  of  helmet-mounted  display  systems,  in  which 
the  head  and  display  move  simultaneously. 

A  number  of  experiments,  which  are  sunmarized  here,  have  been  conducted  in  an  attempt  to  estimate  the 
ability  of  human  subjects  to  suppress  inappropriate  eye  movements  under  specific  vibration  conditions  and 
to  interpret  the  smeared  retinal  image  characteristics  which  result  from  incomplete  suppression.-  The 
severity  of  the  problem  is  assessed  in  the  light  of  information  about  the  biodynamic  response  of  the  head 
to  aircraft  vibration. 

EYE  MOVEMENT  CONTROL  MECHANISMS 

In  man,  there  are  two  neural  control  mechanisms  which  serve  to  stabilize  the  image  of  a  seen  object 
upon  the  foveal  retina  (1).  One,  the  vestibulo-ocular  reflex,  is  an  open-loop  system  which  makes  use  of 
information  from  the  vestibular  apparatus  to  generate  eye  movements  compensatory  to  the  angular  motion  of 
the  head.  The  other,  the  pursuit  or  fixation  reflex,  is  a  closed-loop  system  which  uses  information  from 
the  retina  to  produce  eye  movements  that  track  the  moving  object  in  order  to  maintain  a  foveal  image. 

Thus,  the  ability  to  predict  whether  visual  acuity  will  be  impaired  in  a  particular  motion  environment 
depends  upon  an  understanding  of!  (a)  the  dynamics  of  each  of  these  oculomotor  control  systems;  (b)  the 
mechanisms  which  give  rise  to  the  blurred  images  associated  with  movement  of  the  image  across  the  retina; 
and  (c)  a  quantitative  description  of  the  motion  of  the  observers  head  and  the  relative  notion  between  the 
visual  tatget  or  display  and  his  head. 

The  principal  response  of  the  vestibulo-ocular  reflex  is  that  which  arises  from  angular  motion  of  the 
head.  On  either  side  of  the  head  three  semicircular  canals,  disposed  in  orthogonal  axes,  sense  movement 
of  the  head  and  effectively  transduce  head  angular  velocity  over  a  wile  range  of  frequencies  (0.05-5  Hz). 
Experiments  (1)  in  which  eye  movements  have  been  recorded  during  angular  acceleration  of  the  head  have 
shown  that  this  reflex  mechanism  is  highly  effective  at  eye  stabilization  within  the  frequency  range  of 
natural  head  movement  (0.5-2Hz)  where  the  relationship  between  eye  velocity  and  head  velocity  exhibits  a 
gain  close  to  unity  and  a  phase  difference  of  180°.  There  is  a  second  type  of  response  which  originates 
from  stimulation  of  the  otoliths,  receptors  within  the  vestibular  syste.-  which  are  sensitive  to  linear 
acceleration.  Recent  experiments  (2)  have  shown  that  eye  velocities  of  3-4°/s  per  m/s^  may  be  expected 
in  response  to  both  vertical  and  lateral  linear  oscillation.  However,  tne  functional  significance  of  such 
rotational  eye  movements  in  response  to  phasic  linear  acceleration  is  unclear  at  present. 

The  need  for  a  system  to  stabilize  the  retinal  image  becomes  apparent  when  one  considers  the  limita¬ 
tions  of  the  visually  induced  reflex  mechanisms  by  which  man  is  able  to  maintain  fixation  on  a  moving 
object.  It  has  been  well  established  (3,4,5,6,11)  that  the  visually  driven  pursuit  reflex  breaks  down 
either  when  the  velocity  of  target  movement  is  too  great  (>40-60°/s)  or  when  the  frequency  of  a  direction 
changing  movement  is  too  high  (>l-2  Hz).  The  rapid  decline  in  gain  of  the  pursuit  reflex  and  the  develop¬ 
ment  of  large  phase  lag  at  frequencies  above  1  Hz  has  been  well  established  by  recording  eye  movements 
during  attempts  to  follow  oscillating  targets  (4).  Associated  with  this  breakdown  is  an  inability  to  pre¬ 
serve  visual  acuity.  This  feature  is  demonstrated  by  the  results  shown  in  fig.  1,  which  summarises  the 
results  of  an  experiment  (1,7)  in  which  subjects  were  required  to  read,  as  quickly  and  as  accurately  as 
possible,  a  display  consisting  of  an  8  x  8  digit  matrix.  Each  digit  subtended  8  rain  arc  and  had  a  lumin¬ 
ance  of  7.0  cd/m^  against  a  background  of  0.7  cd/m^.  Measures  of  reading  performance,  expressed  as  the 
number  of  digits  read  in  a  10  sec  period  and  the  percentage  of  errors  made,  were  obtained  during  sinusoidal 
oscillation  of  the  display  in  yaw  at  frequencies  in  the  range  0.5-10  Hz;  peak  velocity  was  maintained  at 
±30°/s.  Control  measures  were  taken  with  the  display  stationary  at  the  beginning  and  end  of  a  test 
session.  The  measures  of  visual  performance  (fig.  1)  reveal  that  even  at  0.5  Hz  there  was  a  significant 
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Fig.  1 

Comparison  of  reading  per¬ 
formance  during  sinusoidal 
angular  oscillation  in  yaw 
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(L-D  subject)  fl-.CI)  indicates 
the  importance  of  the 
vestibulo-ocular  reflex  dur¬ 
ing  oscillation  of  the 
subject. 
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Fig.  2 

Reading  performance  of  a 
head-fixed  display  during 
angular  oscillation  of  the 
head  about  the  yaw  axis  at 
three  levels  of  peak  angular 
velocity  (5,10  &  20°/s).; 
Performance  is  based  on  number 
of  digits  read  correctly  dur¬ 
ing  a  30  sec  period;  crosses 
represent  calibrations  without 
motion  at  beginning  and  end 
of  run. 
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Fig.  3  Reading  performance  of  a  head-fixed  display  during  angular  oscillation  of  the  head 
about  the  pitch  axis  at  three  levels  of  peak  angular  velocity  (5,  10  &  20°/s). 
Performance  is  based  on  number  of  digits  read  correctly  during  20  sec  period;  crosses 
represent  calibrations  without  motion  at  beginning  and  end  of  run. 
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Fig.  4  Oculomotor  response  during  angular  oscillation  of  the  head  about  the  yaw  axis  at 

various  frequencies  in  two  conditions;  (A)  with  eyes  closed;  and  (B)  with  eyes  open 
attempting  to  read  a  head-fixed  display. 
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Fig.  5  A  comparison  of  the  frequency  response  of  the  pursuit  reflex  with  that  of  suppression 
of  the  vestibulo-ocular  reflex  in  similar  experimental  conditions.  Suppression  is 
defined  as  the  ratio  between  eye  velocities  in  the  'eyes  ooen'  and  'eyes  closed'  condi¬ 
tions.  Tracking  error  is  defined  as  the  error  between  eye  velocity  and  target  velocity 
during  target  following  in  the  horizontal  plane. 


Slow  phase 
velocity 

o/ 

/sec 


Fig,  6 

The  slow  phase  eye  velocity  and 
associated  reading  performance 
during  sinusoidal  angular  osci¬ 
llation  at  0.3  Hz  (peak  velocity 
±100°/s)  when  attempting  to  read 
a  head-fixed  display  in  two 
conditions  -  (a)  enclosed  and 
(b)  open,  viewing  the  stationary 
structured  background. 
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impairment  in  reading  speed  and  accuracy  with  respect  to  the  static  measures.  Ac  T  Hz,  reac'ng  soeed  had 
fallen  to  about  10?  of  the  control  level  and  there  was  no  significant  improvement  at  .ighev  f”  .•qv.encies. 

In  contrast,  the  ability  of  the  vestibulo-ocular  reflex  to  stabilize  the  eye  diving  head  movement 
appears  to  be  maintained  at  frequencies  up  to  9-10  Hz.  The  results  shown  in  fig.  1  were  obtained  '.sing  the 
same  displiy  material  described  above,  though  in  this  experimental  condition  it  was  the  subject  who  was 
exposed  to  sinusoidal  oscillation  in  yaw  (peak  velocity  ±30°/s)  while  viewing  the  stationary  digit  matrix. 
Statistical  analysis  of  the  measures  of  performance  showed  that  a  significant  decrement  did  not  occur  until 
10  Hz.  It  should  be  borne  in  mind  that  the  digit  size  used  in  this  experiment  is  close  to  the  limit  of 
static  visual  acuity,  so  that  it  is  not  surprising  that  a  rapid  breakdown  was  observed  during  pursuit.  On 
the  other  hand  the  results  obtained  during  head  movement  serve  to  emphasise  the  effectiveness  of  the 
vestibulo-ccular  reflex  in  stabilizing  the  eye  in  the  frequency  range  (1-10  Hz)  where  the  pursuit  reflex 
is  largely  ineffective.  This  feature  is  of  importance  during  natural  high  frequency  body  movements,  such 
as  occur  during  walking  and  running.  Subjects  without  functioning  vestibular  apparatus  experience  diffi¬ 
culty  in  maintaining  visual  acuity  during  such  manoeuvres  (see  fig.  1).  Fortuitously,  modern  man  also 
finds  this  feature  of  great  assistance  during  vehicular  travel,  where  frequencies  of  stimulation  are  often 
well  above  the  frequency  range  of  the  pursuit  reflex., 

SUPPRESSION  OF  THE  VESTIBULO-OCULAR  REFLEX 

The  problem  is,  of  course,  different  when  one  considers  the  ability  of  the  occupant  of  a  vibrating 
vehicle  to  see  an  object  which  moves  with  his  head  as,  for  example,  a  head-mounted  display.  Eye  movements, 
compensatory  to  the  head  motion,  are  no  longer  required,  so  the  vestibulo-ocular  responses  must  be 
suppressed  if  visual  acuity  is  not  to  be  impaired. 

The  ability  of  subjects  to  read  a  display  which  moved  with  the  head  during  sinusoidal  angular  oscilla¬ 
tion  in  yaw  was  assessed  in  an  experiment  (8),  the  results  of  which  are  summarised  in  fig.  2.  The  subject's 
task  was  to  read  a  display  of  3-digit  random  numbers  generated  electronically;  the  luminance  of  the  digits 
was  85  cd/m^.  Both  the  subject's  head  and  the  display  were  rigidly  clamped  to  the  turntable  structure. 

The  measures  of  visual  performance,  expressed  as  the  mean  number  of  digits  read  correctly  in  a  30-s  period 
(fig.  2),  showed  a  significant  decrement  above  a  certain  break  frequency,  which  was  positively  correlated 
with  digit  size  and  inversely  correlated  with  the  peak  angular  velocity  of  the  stimulus.  Break  frequency 
varied  from  about  0.5  Hz  (±20°/s  stimulus,  digit  height  12  min  arc)  to  3  Hz  (±5°/s  stimulus,  digit  height 
18  min  arc).  A  similar  impairment  of  visual  performance  with  frequency  was  also  found  when  the  subject 
and  display  were  oscillated  in  pitch  (fig.  3)  though,  in  this  configuration,  the  decrement  developed  more 
rapidly  and  could  be  detected  at  a  slightly  lower  frequency  (for  a  given  target  size  and  stimulus  intensity) 
than  when  the  angular  vibration  was  in  the  yaw  axis. 

In  another  experiment  with  the  same  display,  measurement  of  the  lateral  eye  movements  produced  by  an 
angular  oscillation  in  yaw  having  a  peak  velocity  of  ±A0°/s,  revealed  that  at  low  frequencies  £0.5  Hz) 
the  vestibular  nystagmus  was  effectively  suppressed  when  the  subject  fixated  on  the  display  (fig.  A).  At 
higher  frequencies,  however,  there  was  a  progressive  failure  of  suppression,  such  that  at  2  Hz  the  amplitude 
of  the  eye  movement,  when  the  subject  attempted  to  fixate,  was  only  some  20?  less  than  when  he  closed  his 
eyes  and  there  was  no  visual  feedback.  The  breakdown  in  suppression  was  found  to  have  gain/frequency 
characteristics  very  similar  to  those  of  the  oculomotor  control  system  responsible  for  target  pursuit 
(fig.  5).  This  suggests  that  the  mechanism  for  suppressing  the  eye  movements  engendered  by  vestibular 
afferents  is  similar  to,  if  not  the  same  as,  that  subserving  the  pursuit  reflex. 

THE  EFFECTS  OF  BACKGROUND  STRUCTURE  ON  VISUAL  SUPPRESSION 

Although  the  velocity  and  frequency  of  the  stimulus  to  the  vestibular  system  modifies  the  ability  to 
suppress  reflex  eye  movements,  evidence  has  recently  come  to  light  that  the  nature  of  the  stationary  back¬ 
ground  is  also  an  important  factor.  Results  from  an  experiment  by  Benson  and  Cline  (9)  indicated  that  the 
ability  to  suppress  could  be  greatly  enhanced  if  the  subject  was  able  to  see  the  surrounding  static 
environment. 

The  experimental  conditions  were  similar  to  those  described  in  the  previous  experiment.  However,  in 
oruer  to  assess  the  effects  of  eye  velocity  without  the  confounding  effects  of  frequency,  the  stimulus  was 
a  low  frequency  (0.03  Hz)  high  velocity  (±100°/s)  sinusoidal  oscillation.  The  ability  to  suppress  inappro¬ 
priate  reflex  eye  movements  was  assessed  in  two  conditions:  first  with  the  subject  and  display  enclosed  in 
a  light-tight  compartment  which  moved  with  the  turntable,  as  in  previous  experiments;  and  second,  with 
the  subject  able  to  view  the  display  against  the  background  of  the  stationary  room.  Luminance  levels  of 
both  display  and  background  were  maintained  constant  in  both  conditions.  The  subject  was  given  a  reading 
task  similar  to  that  used  in  previous  experiments  and  eye  movements  were  also  recorded  simultaneously. 

The  results,  shown  in  fig.  6,  showed  quite  clearly  that  the  slow-phase  velocity  of  unsuppressed  reflex 
eye  movements  was  significantly  greater  when  the  subject  was  enclosed  and  had  no  information  about  the 
static  background.  Associated  with  the  increased  eye  movement  was  a  dec-ea"  ’  in  the  number  of  digits  read 
during  the  same  period,  and  subjectively  there  was  greater  difficulty  in  reading  the  display  because  of 
smearing  of  the  retinal  image.  In  a  further  experiment  it  was  shown  that  restricting  the  field  of  view 
of  the  static  room  down  to  as  little  as  10°  made  the  problem  of  suppression  progressively  more  difficult. 

These  effects  of  background  information  on  visual  suppression  have  recently  been  substantiated  by 
Guedry  et  al  (10),  although  their  experiments  clearly  point  out  the  complexity  of  the  relationship  between 
peripheral  visual  motion  cues  and  suppression  of  the  vestibulo-ocular  response. 

THE  EFFECT  OF  IMAGE  VELOCITY  ACROSS  THE  RETINA  ON  VISUAL  ACUITY 

When  there  is  relative  movement  between  the  eye  and  a  visual  display,  as  there  is  when  attempting  to 
suppress  inappropriate  reflex  eye  movements,  the  image  of  the  retina  becomes  smeared  and  there  is  a  con¬ 
sequent  decrement  in  visual  acuity.  Miller  and  Ludvigh  (11)  showed  that  when  a  subject  attempts  to  track 
a  moving  object,  the  ability  to  discriminate  the  visual  detail  becomes  impaired  at  high  levels  of  target 


12-6 


velocity.  They  showed  that  the  so-called  'dynamic  visual  acuity'  obeyed  a  cubic  relationship  with  target 
velocity,  falling  off  sharply  at  velocities  in  excess  of  40-60°/s.  They  suggested  that  this  effect  was  the 
result  of  velocity  errors  in  the  tracxing  process.  However,  it  is  difficult  to  measure  the  inscantaneous 
velocity  error  in  such  conditions  and  relate  it  to  the  decrement  in  visual  acuity.  An  alternative  approach 
was  adopted  in  the  following  experiment  (12),  in  which  an  attempt  was  made  to  examine  the  effects  of  image 
motion  across  the  stationary  retina  on  visual  performance. 

The  subject  viewed  -  display  which  was  a  horizontal  array  of  3  seven-segment  red  LED  digits  viewed 
against  a  superimposed  static  background.  The  display  was  attached  to  a  rotating  platform  whion  permitted 
translational  Movement  of  the  display  at  a  predetermined  constant  velocity  in  the  horizontal  plane.-  In 
order  to  eliminate  tracking  movements  of  the  eyes,  the  subject  was  prevented  from  seeing  the  movement  of 
the  platform  and  the  velocity  and  direction  of  movement  were  randomised  to  avoid  prediction.  To  ensure 
foveal  presentation  of  the  display  the  subject  viewed  a  fixation  point  indicating  the  position  of  display 
presentation  which  was  extinguished  as  the  display  was  illuminated.  Recordings  of  eye  movements,  using 
electro-oculography  and  an  infra-red  camera,  indicated  no  detectable  eye  movement  up  to  200  msec  after 
presentation  but  it  was  decided  to  restrict  exposure  time  to  80  msec  to  ensure  stationarity  of  the  retina. 

The  task  was  to  read  the  digits  of  the  display  as  thev  flashed  past  the  field  of  view. 

Visual  performance  was  assessed  as  the  probability  of  correct  detection  of  the  digits  of  the  display 
as  a  function  of  the  direction  and  velocity  of  target  motion.  Fig.;  7  shows  the  effect  of  image  velocity 
on  the  probability  of  correct  detection  for  10,20,  40  and  80  msec  exposures  of  the  display.  Subjectively 
it  was  considerably  easier  to  read  the  digits  during  the  shortest  exposure  since  there  was  less  smearing 
of  the  retinal  image.  This  is  reflected  by  the  probability  of  correct  detection,  which  fell  off  more 
steeply  as  a  function  of  velocity  for  the  longer  exposures.  It  was  found  that  the  equation  for  a  Gaussian 
distribution  could  be  fitted  to  individual  results  with  a  high  level  of  probability,  which  enabled  perfor¬ 
mance  to  be  identified  by  the  velocity  at  which  a  particular  percentage  of  the  digits  was  read  correctly.- 

In  fig.-  8  the  velocity  level  for  902  correct  detection  (Vqo)  was  selected  as  the  dependent  variable.. 
Digit  luminance  was  8  cd/nr  and  there  were  5  levels  of  contrast  from  1  to  16.  Digit  height  was  18  min  arc, 
so  that  the  width  of  each  LED  segment  subtended  approximately  3  min  arc,  and  the  fundamental  spatial  fre¬ 
quency  was  approximately  6  cycles/deg.  Fig.  8  shows  that  the  display  could  be  seen  at  significantly  higher 
velocities  for  the  briefest  exposure  than  for  the  longer  exposures,  but  there  was  no  significant  difference 
in  the  V90  value  for  40  and  80  ms  exposures.  The  effect  of  increasing  contrast  was  to  increase  the  velocity 
level  for  the  brief  exposure  but  there  was  no  effect  with  the  longer  exposures. 

It  is  of  interest  to  consider  the  origin  of  these  effects.  The  effect  of  the  experimental  procedure 
was  similar  to  that  involved  in  varying  the  duration  of  exposure  of  a  photographic  film  except  that,  of 
course,  the  film  is  irreversibly  modified,  whereas  the  retinal  image  decays  with  time.  Thus  the  tiail  left 
by  the  moving  image  is  not  of  constant  density,  as  in  a  film,  but  decays  like  the  image  on  a  CRT  with  a 
medium  persistence  phosphor.  The  temporal  modulation  transfer  characteristics  of  the  visual  system  suggest 
that  the  time  constant  of  decay  is  approximately  10  msec,  so  that  after  40  msec  the  response  will  have 
decayed  to  1  or  22  of  its  peak  value.  The  trail  left  by  the  image  is  thus  virtually  complete  and  any 
further  exposure  will  not  increase  the  problem  of  detection.  Therefore  it  is  not  surprising  to  find  no 
significant  difference  in  the  performance  at  40  and  80  msec,  and  it  may  be  predicted  with  some  confidence 
that  the  values  of  velocity  obtained  can  be  used  for  the  assessment  of  performance  during  continuous  ex¬ 
posures,  provided  that  the  relative  velocity  between  the  eye  and  the  viewed  object  is  known. 

As  the  velocity  of  the  image  increases,  the  trail  will  increase  in  breadth  and  tend  to  fill  the 
spaces  between  the  LED  segments.  Thus  the  problem  of  detecting  the  form  of  the  image  becomes  one  of 
detecting  differences  in  contrast  within  the  smeared  trail  and  not  of  comparing  the  imtge  with  the  back¬ 
ground.  Consequently  it  is  not  surprising  that  there  was  no  effect  of  background  contrast  on  the  performance 
at  40  and  80  msec.  On  the  other  hand,  during  the  briefest  exposure  the  trail  left  by  the  image  is  abruptly 
cut  off  before  it  becomes  fully  developed  and  so  there  is  a  well  defined  contrast  edge  to  be  compared  with 
the  background.  Hence,  contrast  with  the  background  has  a  significant  effect  on  the  velocity  level  at  which 
the  display  can  be  seen. 

The  effects  of  digit  luminance  on  visual  performance  were  also  investigated  at  levels  of  0.5,  2  and 
8  cd/m^.  The  velocity  level  for  902  correct  detection  (V90)  increased  with  digit  luminance  in  a  monotonic 
and  significant  manner  (fig.  9).  At  these  levels  of  illumination  the  responses  correspond  to  those  obtained 
for  the  modulation  transfer  characteristics  of  the  eye,  where  increasing  luminance  increases  the  contrast 
sensitivity.  Since  the  contrast  is  inversely  related  to  image  velocity,  higher  levels  of  velocity  are 
achieved  for  increased  luminance.  We  might  expect  this  effect  to  disappear  at  higher  luminance  levels 
when  the  ratio  of  contrast  sensitivity  to  background  luminance  becomes  fairly  constant.  On  the  other  hand, 
the  temporal  modulation  transfer  characteristics  of  the  eye  indicate  that  the  image  decays  more  quickly 
at  higher  luminance  levels  so  that  the  problems  of  image  smear  may  become  less  when  viewing  a  bright  display 
and/or  background. 

In  an  attempt  to  make  some  correlation  with  measures  of  acuity,  the  effects  of  digit  size  on  performance 
were  also  investigated,  the  results  of  which  are  shown  in  fig.-  10.-  There  was  an  apparently  linear  relation¬ 
ship  between  velocity  for  902  correction  detection  and  digit  size.  This  is  not  unexpected  since  the  form 
of  the  image  trail  should  be  similar  for  a  target  of  height  12  min  arc  moving  at  2°/s  and  one  of  24  min  arc 
moving  at  4°/s,  although  there  is  a  difference  in  the  spatial  frequency  of  the  display  which  may  modify 
the  response  to  a  certain  extent. 

Thus,  it  may  be  concluded  that  the  decrement  in  visual  acuitv  for  a  target  moving  across  the  fovea  of 
a  stationary  retina  is  largely  brought  about  by  the  decrease  in  contrast  between  elements  of  the  display 
and  by  the  extent  of  image  overlay,  features  which  are  dependent  upon  the  temporal  decay  characteristics 
of  the  smeared  retinal  image.  The  results  indicate  that  there  is  a  902  probability  of  correctly  reading 
the  display  (digit  height  18  min  arc)  if  the  image  velocity  across  the  retina  docs  not  exceed  approximately 
3°/s.  The  results,  discussed  above,  of  experiments  on  suppression  of  the  vestibulo-ocular  reflex  (figs. 
243)  indicate  that  at  frequencies  between  approximately  2  and  10  Hz  eye  velocity  was  greater  than  3°/s 
for  at  least  part  of  the  cycle.  This  enables  an  explanation  to  be  given  for  the  occurrence  of  the  nodal 
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The  effect  of  contrast  on  the  limiting 
veloi  it;-  (V90)  for  90*  correct  detec¬ 
tion  at  3  levels  of  digit  luminance 
(Ljj).  Display  presentation  time 
(At)  =  AO  ms. 
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Digit  height- h= angle  subtended  at  eye  (min  arc) 


Fig.  10 

The  effect  of  digit  height  (h)  on 
the  limiting  velocity  for  90%  correct 
detection  (Vg0)  for  different  display 
presentation  times  (At). 
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images  observed  during  the  low  velocity  periods  of  a  sinusoidal  image  movement. 

The  relstionship  between  eye  velocity  and  visual  acuity  has  been  assessed  by  Guedry  (13)  during 
attempts  to  suppress  inappropriate  reflex  eye  isovements  resulting  from  a  transient  stimulus  to  the  vesti¬ 
bular  system.  Eye  velocity  was  measured  at  the  Instant  when  the  subject  reported  the  ability  to  read 
clearly  characters  of  a  particular  si je  from  a  range  of  character  heights.  There  was  considerable  varia¬ 
tion  in  subject  performance,  but  o.  jverage  the  eye  velocity  levels  at  which  digits  of  height  12,  18  and  24 
min  of  arc  could  be  seen  were  approximately  5,9  and  12°/s  respectively.  These  velocity  le\els  are  some  2 
to  3  times  higher  than  those  predicted  for  90X  correct  detection  from  Fig.  8  and  vould  correspond  to  a 
probability  level  for  correct  detection  of  approximately  50Z.  This  is  a  rather  low  value,  since  the  sub¬ 
jects  were  reporting  the  ability  to  read  the  characters  correctly.  However,  the  covtditlons  of  the  two 
experiments  were  in  nr  y  respects  dissimilar  and  could  account  for  this  apparent  discrepancy. 

THE  BIODYNAMIC  RESPONSE  OF  THE  HEAD 


The  crucial  question  to  be  answered  here  is  whether  the  stimulus  conditions  which  have  been  shown  in 
the  laboratory  to  produce  significant  decrement  in  visual  acuity  are  likely  to  prevail  in  flight.  Record¬ 
ings  of  vertical  and  lateral  acceleration  within  the  cockpit  have  been  obtained  for  several  in-service 
aircraft  and  many  of  these  indicate  that  during  low-level  high-speed  flight  acceleration  levels  of  2.5  m/s2 
RMS  in  heave  and  1  m/s2  "MS  in  sway  may  be  expected  in  the  frequency  range  0.1  to  20  Hr.  The  head  movement 
resultiig  from  such  vibration  levels  has  been  assessed  by  Ranee  (14).  Subjects  were  exposed  to  either 
vertical  or  lateral  sinusoidal  oscillation  at  frequencies  between  1  and  20  Hz  with  a  peak  acceleration 
level  of  ±3.9  m/s2  (2.75  m/s2  RMS),  whilst  seated  without  shoulder  restraint  on  a  hard  seat.  The  angular 


acceleration  of  the  head  in  pitch,  yaw  and  roll  was  measured  and,  as  the  results  in  fig.  11  indicate, 
considerable  angular  movements  were  induced,  that  peaked  between  4  and  10  Hz  in  all  axes.  Similar  mag¬ 
nitudes  of  head  angular  acceleration  were  obtained  In  response  to  lateral  vibration  although  the  predom¬ 
inant  activity  was  about  the  roll  axis. 
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Fig.  11 


The  ratio  of  head  acceleration  (e)  about  the  pitch, 
acceleration  (z)  in  the  vertical  axis  of  magnitude 


yaw  and  roll  axes  to  linear 
±3,9  m/s2  (Mean  of  8  S's  ±1 


S.D.) 


The  responses  may  be  translated  into  head  angular  velocity,  yielding  values  of  between  10  and  30°/s 
at  frequencies  between  1  and  10  Hz.  The  general  form  of  the  frequency  response  curve  for  head  movement 
has  been  substantiated  by  results  obtained  during  attempts  to  align  a  helmet-mounted  sight  with  an  earth- 
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fixed  target  (15).  In  these  experiments  the  driving  stimulus  vas  provided  simultaneously  in  the  vertical 
and  lateral  axes  by  recordings  of  aircraft  vibration  in  low-level  high-speed  flight.  It  is  of  interest 
that  the  visual  feedback  provided  by  attempts  to  align  the  helmet-mounted  sight  with  a  fixed  target  was 
unable  to  suppress  the  head  movement  to  any  appreciable  extent. 

DISCUSSION 

The  angular  velocity  of  head  movements  found  in  these  laboratory  experiments  indicate  that  there  is 
likely  to  be  a  significant  decrement  in  reading  performance  during  aircraft  vibration.  The  results  of 
experiments  on  suppression  of  the  vestibulo-ocular  reflex  (figs.  2  S  3)  show  that  in  the  specific  range  of 
frequencies  (1-10  Hz)  in  which  there  is  thp  greatest  transmission  of  acceleration  to  the  head,  it  is 
difficult  to  suppress  inappropriate  eye  movements.  Hence,  it  is  to  be  expected  that  the  velocities  of  eye 
movement  generated  will  reach  peak  values  of  similar  magnitude  to  that  of  the  head  (i.e.  10-30°/s).-  Thus 
images  projected  from  a  head-fixed  display  will  move  across  the  retina  at  such  velocity  levels.  The  results 
of  experiments  on  the  detection  of  images  moving  across  the  retina  (fig.  8)  suggest  that  such  velocity 
levels  will  be  in  excess  of  that  required  for  902  correct  detection  (3°/s  for  an  18  min  arc  digit). 

It  is  difficult  to  predict  the  decrement  in  reading  performance  which  is  likely  to  result  from  the 
random  head  movements  in  flight  given  only  the  results  of  the  experiments  cn  visual  suppression  depicted 
in  fig.  2,  in  which  the  stimulus  was  a  sinusoidal  waveform.  As  noted  earlier,  such  a  stimulus  has 
regularly  repeated  periods  of  velocity  which  are  within  the  band  of  ±3°/s  required  for  90T  correct  detec¬ 
tion,  leading  to  the  presentation  of  degraded  nodal  images  (16).  In  a  random  movement  of  the  head  (and 
thus  of  the  retinal  image)  periods  of  low  velocity  would  occur  but  in  an  unpredictable  manner,  making  the 
task  of  image  detection  more  difficult.  It  would  seem  that  the  probability  of  correct  detection  of  a 
randomly  moving  image  is  likely  to  be  a  function  of  two  factors:  (a)  the  percentage  of  time  for  which  the 
image  velocity  lies  within  the  threshold  levels  (say  ±3°/s  for  905!  correct  detection)  and  (b)  the  time 
interval  for  which  the  image  velocity  lies  within  such  threshold  limits.  Another  important  practical 
factor,  which  may  override  such  considerations,  is  that  the  requirements  of  the  observer  to  assimilate  and 
possibly  act  upon  the  information  received  are  likely  to  result  in  the  visual  material  being  assessed  with 
a  frequency  which  is  less  than  that  at  which  nodal  image  presentations  appear.  Experiments  are  currently 
being  carried  out  in  an  attempt  to  assess  the  decrement  in  visual  performance  during  random  head  movement. 

Apart  from  the  effects  of  head  and  eye  velocity  it  is  apparent  from  the  experimental  results  presented 
here  that  other  factors  are  very  important  in  assessing  the  probable  decrement  in  visual  performance. 

Chief  amongst  these  is  the  size  of  the  elements  of  a  display.  The  results  presented  in  fig.  10  indicate 
that  increasing  the  size  of  digits  in  a  display  increases  the  velocity  at  which  they  can  be  detected 
effectively.  This  is  supported  by  the  results  of  the  visual  suppression  experiments  (fig.  2),  in  which 
there  was  a  significant  improvement  in  performance  when  the  digit  height  was  increased  from  12  to  18  min 
arc.  However,  if,  as  suggested  earlier,  this  is  a  direct  result  of  the  image  blur  pattern  produced  by 
movement  of  the  image  across  the  retina,  it  might  be  expected  that  digit  size,  per  se,  was  not  the  only 
critical  factor.  A  decrease  in  the  stroke-width  to  height  ratio  of  the  digits  would  lead  to  the  blurred 
image  trail  filling  less  of  the  area  between  display  elements  and  thus  making  the  task  of  discrimination 
easier.  Changes  in  the  aspect  ratio  of  display  characters  is  also  likely  to  modify  visual  performance  for 
similar  reasons. 

A  second  important  factor  in  assessing  the  relevance  of  the  experimental  results  Is  the  luminance  of 
the  display  and  the  nature  of  the  background  against  which  it  is  viewed.  In  general,  the  brighter  the 
display  and  the  greater  the  contrast  with  the  background  the  more  easily  it  can  be  seen  during  movement 
although,  in  the  experiments  described  here,  the  levels  of  illumination  used  do  not  approach  those  of  the 
brightest  conditions  encountered  in  flight.  Perhaps  more  important  is  the  fact  that  the  experimental 
results  indicate  that  it  is  more  difficult  to  achieve  suppression  when  there  is  no  structural  stationary 
background  against  which  to  view  the  display.  This  may  imply  that  it  is  more  difficult  to  use  a  helmet- 
mounted  display  at  night  or  when  flying  in  cloud  than  when  there  is  full  visibility  of  the  external  world. 
Recent  pilot  experiments  in  the  laboratory  have  indicated  that  this  effect  is  most  marked  when  using  ran¬ 
dom  movement  stimuli,  and  it  is  intended  that  the  effects  of  background  contrast  and  structure  shall  be 
fully  investigated  in  future  experiments.- 

Finally,  in  all  the  preceding  discussion  on  the  decrease  in  visual  performance,  it  has  been  assumed 
that  the  head  movements  induced  by  the  appropriate  stimuli  in  the  laboratory  are  representative  of  those 
encountered  in  flight.  However,  there  is  little  information  about  actual  levels  of  head  acceleration  in 
flight.  Thus  an  experiment  is  currently  being  planned  in  which  angular  head  movements  will  be  measured  in 
various  flight  conditions.  The  results  of  this  experiment  should  provide  a  more  definitive  indication  of 
the  accelerations  to  be  expected  and  thus  enable  a  better  assessment  of  the  effects  of  aircraft  vibration 
on  vision. 

REFERENCES 

1.  BENSON,  A.J.  4  BARNES,  G.R.  Vision  during  angular  oscillation:  the  dynamic  interaction  of  visual 

and  vestibular  mechanisms.  Aviat.;  Space  Environ.  Med.  49:  340-345,  1978.. 

2.  BATH,  P.M.W.  A  study  of  the  vestibulo-ocular  reflex  in  man  when  stimulated  by  linear  acceleration.. 

B.Sc.  Thesis,  St.  Thomas'  Hospital  Medical  School,  London,  1979. 

3.  HUDDLESTON,  J.H.F.-  Oculomotor  pursuit  of  vertical  sinusoidal  targets.  Nature.  222:  572,  1969. 

4.  STARK,  I..  The  Control  of  Fy-  Movements.  New  York,  Academic  Press.  1971.  The  control  system  for 

veraional  eye  movement,  pp  363-428. 

5.  VoN  SUNDERHAUF,  A,  Untersuchungen  uber  die  regclung  der  augenbewegungen .  Klin.  Mbl .  Augenheilkunde. 

136:  837-852,  1960. 


12-11 


6.  WESTHEIMER,  G.  Eye  movement  responses  to  a  horizontal  moving  visual  stimulus,  t.rchiv.  Ophthal.  N.Y. 

52:  932-941,  1954. 

7.  BENSON,  A.J.  Effect  of  angular  oscillation  in  yaw  on  vision.  Proc.  Aerospace  Med.  Assoc.  Mtg. 

Miami,  FI.  1972.  pp  43-44. 

8.  BARNES,  G.R.,  BENSON,  A.J.  &  PRIOR,  A.R.J.  Visual-vestibular  interaction  in  the  control  of  eye 

movement.  Aviat.  Space  Environ.  Med.  49  (4):  557-564,  1978. 

9.  BENSON,  A.J.  &  CLINE,  G.  Dynamics  of  the  vestibulo-ocular  reflex.  Presentation  to  Inter-Institutional 

Vestibular  Research  Group,  Eye  and  Ear  Hospital,  Pittsburgh,  Pa.  1975. 

10.  GUEDRY,  F.^.,  LENTZ,  J.M.  4  JELL,  R.M.  Visual-vestibular  interactions.  1.  Influence  of  peripheral 

vision  on  suppression  of  the  vestibulo-ocular  reflex  and  visual  acuity.  Aviat.  Space  Environ.  Med. 
50(3):  205-211,  1979. 

11.  MILLER,  J.W,  4  LUDVIGH,  E.  The  effect  of  relative  motion  on  visual  acuity.  Survey  of  Ophthalmology, 

7:  83-116,  1962. 

12.  BARNES,  G.R.  4  SMITH,  R.  The  visibility  of  images  moving  across  the  stationary  retina.  Proc. 

Physiol.  Soc.  Mtg.  University  College,  London.  23-24th  March  1979  (In  press). 

13.  GUEDRY,  F.E.  Relations  between  vestibular  nystagmus  and  visual  performance.  Aerospace  Med. 

39(6):  570-579,  1968. 

14.  RANCE,  B.H.  Angular  head  motion  produced  by  linear  vibration  of  the  seated  human  subject. 

Proc.  Mtg.  on  Human  Response  to  Vibration.  Shrivenham  RMCS.  1976. 

15.  TATHAM,  N.O.  Royal  Aircraft  Establishment,  Farnborough,  Hants,  U.K.  An  investigation  of  head  aiming 

under  simulated  aircraft  vibration  conditions.  1976.  Tech.  Memo.  FS  74.  ' 

16.  O'HANLON,  T.G.  4  GRIFFIN,  M.J.  Institute  of  Sound  and  Vibration  Research,  Univ.  of  Southampton. 

Some  e-  ..•cts  of  the  vibration  of  reading  material  upon  visual  performance.  1971,  1SVR  Tech.  Rpt. 

No.  49. 


THE  EFFECT  OF  3-25  Hz  VIBRATION  ON  THE  LEGIBILITY  OF  NUMERIC 
LIGHT  EMITTING  DIODE  DISPLAYS 

Miss  Mary  E.  Johnston  MSc 
Mr  John  H.  Wnarf 


Royal  Aircraft  Establishment 
Farnborough,  Hampshire  GU14  6TD,  England 


SUMMARY 

This  paper  describes  the  effects  of  3-25  Hz  sinusoidal 
vibration  at  an  rms  acceleration  level  of  2.5  m/s^  in  both  the 
vertical  and  lateral  axes  on  the  performance  of  a  reading  task. 
The  task  was  to  read  aloud  numeric  characters  presented  on  a 
yellow  high  luminance  light  emitting  diode  display  which  had 
been  designed  for  the  military  cockpit.  Random  numbers  were 
presented  on  the  display  in  sets  of  four  changed  every  3  s. 

The  subjects  were  each  fitted  with  a  Mk  2/3  flying  helmet  and 
strapped  into  a  Martin  Baker  Mk  10B  ejection  seat  which  was 
mounted  on  the  same  vibration  platform  as  the  display.  Tests 
were  conducted  with  the  subject's  head  held  both  against  and 
just  off  the  head  rest. 

The  results  indicate  that  reading  performance  was  affected 
most  by  lateral  vibration,  when  the  head  was  against  the  head 
rest.  Maximum  errors  occurred  for  lateral  vibration  frequencies 
of  14-16  Hz  which  is  shown  to  correspond  to  the  probable  onset 
of  overlapping  nodal  images  due  to  head  vibration. 


1  INTRODUCTION 

It  is  a  common  observation  that  vibration  can  interfere  with  human  activities 
particularly  man's  ability  to  observe  quickly  and  accurately.  In  the  past  there  have 
been  many  investigations  into  the  effects  of  vibration  on  vision.  However,  such  studies 
have  largely  been  unrealistic  in  that  the  subject  has  been  vibrated  relative  to  a 
stationary  display  or  vice-versa  instead  of  both  being  vibrated  together;  also  the  seat¬ 
ing  conditions,  vibrations  and  displays  used  have  been  non-representative  of  modern 
military  aircraft.  The  tasks  required  of  the  modern  military  aircraft,  such  as  terrain 
following,  high  speed  low  altitude  flight  in  turbulence,  or  high  speed  helicopter  flight, 
can  impose  a  high  degree  of  vibration  on  the  pilot.  This  coupled  with  the  higher  pilot 
work  load  has  made  ♦‘he  choice  of  cockpit  displays  very  important.  In  this  experiment  the 
effects  of  vibrations  typical  of  modern  aircraft  on  the  readability  of  proposed  future 
displays  wa3  studied  using  appropriate  seating  and  aircrew  equipment. 

The  choice  of  display  used  in  these  experiments  was  related  to  the  need  to  replace 
conventional  analogue  pointer  instruments  in  aircraft  cockpits  with  modern  displays 
having  a  multi-function  capability.  The  advent  of  modern  digital  computers  means  that 
more  data  is  potentially  available  to  the  pilot.  Traditionally,  much  of  this  data  would 
have  been  displayed  on  dedicated  instruments  in  the  cockpit.  However  there  is  not  room 
for  any  more  instruments  and  furthermore  the  pilot's  work  load  is  already  high  due,  partly 
to  the  excessive  number  of  instruments  and  controls  with  which  he  has  to  deal.  Multi¬ 
function  displays  therefore  serve  two  purposes,  firstly  to  reduce  the  number  of  controls 
and  displays  within  the  cockpit  and  secondly  to  reduce  work  load  by  displaying  only  the 
data  immediately  required  by  the  pilot. 

There  are  several  modern  display  technologies  suitable  for  displaying  data  in  this 
way  and  it  is  likely  that  more  than  one  type  will  be  used  in  cockpits  for  the  foreseeable 
future.  Where  a  large  quantity  of  data  is  to  be  displayed  (for  example  video  or  graphic 
presentations)  at  present  the  cathode  ray  tube  is  the  preferred  technology,  although 
prototype  large  area  matrix  displays  are  being  developed.  For  displaying  a  small  number 
of  digits  Light  Emitting  Diodes  (LED)  displays  have  many  advantages.  They  are  reliable, 
require  low  voltages  (<10  volts),  are  of  high  luminance,  are  easily  multiplexed  and  can 
be  as  legible  as  an  ideal  passive  display  over  a  wide  range  of  incident  illumination 
levels^.  A  range  of  LED  displays  designed  specifically  for  use  in  high  amoient 
illumination2  has  been  developed  and  are  to  be  installed  in  a  variety  of  military  air¬ 
craft  in  the  near  future.  Such  a  display  was  used  for  these  experiments. 

2  EQUIPMENT 

2.1  Vibration  rig  and  seat 

The  vibration  rig  used  was  the  RAE  two-axis  facility.  This  apparatus  has  a 
1.83m' *  1.32m  platform  which  can  be  vibrated  in  the  vertical  axis  and  one  horizontal  axis 
The  frequency  range  of  the  rig  is  0.5-50  Hz,  within  the  limitations  of  a  ±19.6  m/s2.  The 
seat  used  was  a  Martin  Baker  Mk  10B  ejection  seat  mounted  on  the  vibration  platform 
(Fig  1)  such  that  either  vertical  or  lateral  (gz  or  gy)  acceleration  could  be  applied. 
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The  seat  was  fitted  with  a  harness  which  was  worn  for  all  tests.  The  transmission  of 
vibration  to  the  head  of  a  subject  seated  in  such  a  seat  has  been  fully  reported  else¬ 
where’,  and  results  are  summarised  in  Pig  2  as  plots  of  the  ratio  of  head  accelerations 
to  lateral  platform  accelerations. 


2.2  Visual  display 
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The  display  shown  in  Pig  3  was  a  yellow  (peak  emission  580  nm)  four  character  LED 
device,  each  character  comprising  seven  segments  with  an  overall  height  of  4  ram.  Each 
segment  of  the  display  contained  two  light  emitting  diodes  driven  in  series,  and  each 
character  was  refreshed  at  1  kHz.  The  data  for  all  four  characters  was  entered  via  a 
paper  tape  reader  and  automatically  changed  every  3  s.  The  display  was  mounted  rigidly 
on  the  vibration  platform  approximately  0.7  m  in  front  of  the  subject  and  10°  below  his 
horizontal  line  of  sight. 

Initially  the  luminance  of  the  display  was  adjusted  to  a  level  which  was  considered 
and  proved  to  give  perfect  legibility  in  non-vibrating  conditions  and  this  was 
subsequently  measured  to  have  an  average  luminous  intensity  of  0.38  mcd  per  character. 

The  drive  current  was  monitored  throughout  the  experiments  to  ensure  that  the  display 
luminance  remained  constant. 

2.3  Ambient  illumination  equipment 

The  ambient  illumination  level  during  the  main  experiment  was  approximately  600  lx, 
generated  by  six  normal  100W  tungsten  filament  bulbs.  The  experimental  arrangement  is 
shown  in  Fig  1. 

2.  A  Subjects 

Six  male  subjects  who  were  eicher  aircrew  or  well  acquainted  with  vibration  experi¬ 
ments  were  used  in  the  main  experiment.  Each  subject  was  fitted  with  a  standard  Mk  2/3 
flying  helmet  and  the  ejection  seat  was  adjusted  for  each  individual  to  the  correct  back 
length.  They  were  asked  to  tighten  the  seat  harness  as  they  would  for  flight  and  take  up 
a  typical  posture  but  with  their  hands  on  their  thighs  and  their  head  either  lifted  off 
or  pushed  against  the  head  rest  as  instructed.  It  was  emphasised  that  as  far  as  they 
were  able  they  should  maintain  harness  tension  and  posture  for  all  vibration  and  non¬ 
vibration  runs. 

Table  1  shows  the  ages,  heights  and  weights  of  the  subjects.  All  subjects  had  6:6 
vision  or  better,  which  was  measured  prior  to  the  commencement  of  the  experiments. 

3  EXPERIMENTAL  PROCEDURES 

3.1  Vibration  conditions 

An  unreported  preliminary  experiment  was  conducted  to  establish  the  vibration  level 
to  be  used  in  the  main  experiment.  The  results  indicated  that  in  general,  vibration 
levels  below  about  2.5  m/s2  rms,  were  unlikely  to  affect  visual  performance.  For  the  main 
experiment  sinusoidal  vibration  of  rms  acceleration  level  2.5  m/s2  and  frequencies 

3,  5,  7,  10,  12,  i^ ,  16,  18,  21,  23  and  25  Hz  were  therefore  used  in  each  of  the  vertical 
and  lateral  axes.  Such  vibration  conditions  are  often  encountered  in  helicopters;  how¬ 
ever,  in  fixed  wing  aircraft,  although  the  vibration  acceleration  levels  of  2.5  m/s2  may 
be  encountered  in  high  speed  low  altitude  flight,  the  frequency  spectrum  is  rarely  single 
frequency.  Each  subject  repeated  each  test  condition  twice  in  one  vibration  session,  once 
with  his  head  held  against  and  once  with  his  head  lifted  off  the  head  rest.  The  twenty- 
two  vibration  conditions  of  one  session  were  presented  to  the  subjects  in  a  random  order. 
Three  subjects  (3,  h ,  5)  completed  three  sessions  and  three  subjects  (1,  2,  6),  only  two 
sessions  (owing  to  subject  availability).  Each  vibration  condition  was  repeated  three  and 
two  times  respectively  in  each  of  the  vertical  and  lateral  axes.- 

3.2  Visual  task 

The  subject  was  asked  to  read  aloud  the  numbers  which  were  presented  to  him  in  sets 
of  four.  These  were  changed  every  3s.  A  total  of  100  numbers  (25  sets  of  were 
presented  as  one  run,  which  therefore  lasted  approximately  75  s.  The  visually  presented 
data  was  randomised  for  eacn  vibration  condition.  A  complete  test  session  of  twenty-two 
runs  therefore  lasted  approximately  30  min.  Before  each  test  session  there  was  a  period 
with  and  without  vibration  in  which  the  subject  could  familiarise  himself  with  the  visual 
task,  character  format  and  the  experimental  environment.  Reading  error  scores  were 
recorded  to  check  for  any  effects  of  fatigue  and  to  ensure  that  the  condition  of  100> 
readability  under  no  vibration  was  maintained. 

RESULTS 

^.l  Dependence  of  legibility  upon  frequency,  mode  of  vibration  and  head  position 

The  results  of  the  main  experiment  are  presented  in  graphical  form  in  Fig  44.  These 
graphs  show  the  error  rate  for  each  subject  for  the  range  of  frequencies  used.  The  data 
are  averaged  o''er  the  repetitions  of  test  conditions  with  both  the  head  on  and  off  the 
rest.  However  the  variation  of  error  rate  between  runs  for  each  subject  is  relatively 
large  and  comparable  with  the  variation  seen  in  rig  <4  between  subjects.  To  establish  the 
performance  of  each  individual  with  more  certainty  would  have  required  a  significantly 
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larger  number  of  runs.  In  this  situation  the  most  reliable  data  is  that  averaged  over 
all  runs  for  all  subjects,  and  this  is  given  in  Pig  5. 

4.2  Legibility  va  frequency 

It  can  be  seen  that  for  vertical  vibration  for  most  subjects  the  maximum  error  rate 
was  low  (below  5%)  when  the  head  was  either  against  or  lifted  off  the  rest.  The  distri¬ 
bution  of  errors  with  frequency  was  reasonably  constant  for  all  subjects. 

For  lateral  vibration  when  the  head  was  off  the  rest  the  maximum  error  rate  was 
also  below  5K.  However  with  the  head  in  contact  with  the  rest  the  error  rates  for  most 
subjects  peaked  in  the  region  14-16  Hz  when  the  average  error  rates  were  considerably 
higher  (up  to  15X  for  subject  5).  This  peak  is  shown  graphically  in  Pig  5  where  data  for 
all  subjects  is  averaged  and  gives  error  rate  as  a  function  of  frequency  for  each  head 
position  and  mode  of  vibration. 

It  was  conjectured  that  the  increase  in  displacement  of  the  head  when  against 
the  rest  may  account  for  the  increase  in  errors.  Transmission  ratio  measurements  had 
been  made  on  subject  5,  the  subject  who  showed  the  increase  in  errors  most  strongljr, 
as  part  of  another  investigation  which  is  fully  described  in  Ref  3*  Head  motion  in 
each  of  the  three  linear  head  fixed  axes  was  measured  on  a  bite  bar  fitted  with 
accelerometers.  For  a  lateral  vibration  input  head  mocion  or  transmission  ratios  in 
all  axes  were  small  (below  0.5)  when  the  head  was  lifted  off  the  rest.  However  when 
the  head  was  against  the  rest  the  transmission  ratios  increased  considerably  in  all 
axes  and  are  shown  in  Pig  2. 

This  would  seem  to  correspond  with  the  increase  in  error  when  the  head  was  against 
the  rest.  However,  the  increase  in  error  rate  around  vibration  frequencies  14-16  Hz  was 
not  obviously  related  to  any  peaks  in  the  transmission  ratios.  Simple  measurements  of 
transmission  ratio  however  may  not  accurately  reflect  changes  in  visual  performance  as 
these  do  not  include  effects  due  to  phase  differences  between  the  subject's  head  and  the 
vibration  rig.  This  parameter  was  not  measured  during  these  investigations. 

4.3  Distribution  of  errors  among  the  digits 

It  is  of  interest,  from  a  display  designer's  point  of  view,  to  know  the  distribution 
of  errors  within  the  digits  0  to  9  for  the  7-bar  format  used.  During  analysis  of  the 
reading  errors  made,  it  was  found  that  subjects  occasionally  transposed  two  numbers,  for 
instance  when  34  was  displayed  within  a  batch  of  four  numbers  these  were  read  as  43.  It 
was  considered  that  even  though  these  were  genuine  errors  and  were  included  in  the  other 
error  data  they  would  not  be  included  in  the  error  distribution  matrices  shown  in  Table  2. 

This  shows  the  total  number  of  times  an  error  has  been  maue  on  a  particular  digit  as 
a  fraction  of  the  total  number  of  digits  presented  over  all  subjects  and  all  test  sessions. 
For  clarity  the  error  fractions  have  been  scaled  up  by  a  factor  of  1CH. 

The  table  comprises  an  error  matrix  for  both  vertical  and  horizontal  modes  of 
vibration,  the  total  error  rate  for  each  being  0. 99%  and  l.Cl%  respectively. 

During  vertical  axis  vibration  it  can  be  seen  from  the  matrix  that  8  was  the  digit 
misread  most  frequently  and  it  was  most  often  misread  as  0.  The  difference  between 
digits  8  and  0  was  of  course  the  presence  or  absence  of  the  centre  segment  of  the 
character  and  it  was  interesting  to  note  that  while  8  was  read  as  0  on  0.22 %  of  the 
occasions  that  it  was  presented,  0  was  read  as  8  on  only  0.O05Z  of  occasions. 

.  .  2 

The  observation  was  contrary  to  that  found  m  earlier  work  concerned  with  the 
legibility  of  this  display  under  high  ambient  illumination  but  not  under  vibration  where 
it  was  found  that  0  was  more  often  read  as  8  chan  vice-versa  by  a  factor  of  2  to  3. 

4.4  Spatial  distribution  of  errors 

During  debriefing,  the  subjects  stated  that  the  display  image  during  vibration  was 
elliptical  in  form  and  consisted  of  multiple  images,  (both  lateral  and  vertical),  of  the 
four  characters  which  overlapped  for  some  of  the  vibration  conditions.  It  was  proposed 
that  since  the  images  overlapped  the  errors  per  character  might  be  greater  for  the  secor.a 
and  third  characters  than  for  the  outside  characters.  Results  of  an  analysis  of  errors 
as  a  function  of  character  position  are  shown  in  Table  3.  It  was  clear  that  more  errors 
occurred  for  characters  two  and  three  during  lateral  vibration  and  that  this  was  the 
prime  reason  for  the  higher  overall  errors  for  lateral  vibration.  These  findings  should 
strongly  influence  display  design,  the  implications  being  that  the  overlapping  of  nodal 
images  which  is  determined  by  the  character  to  character  spacing  is  an  extremely  impor¬ 
tant  parameter  when  the  display  must  be  viewed  under  relatively  high  levels  of  vibration. 

To  further  test  the  hypothesis  that  the  display  character  spacing  was  too  close  fer 
14-16  Hz  vibration  conditions  a  brief  experiment  was  conducted  in  which  this  spacing  was 
artificially  increased  by  illuminating  only  every  other  character.  One  subject  was  used 
but  under  the  worst  test  condition  (14  Hz,  lateral  vibration  head  on  the  rest)  no  reading 
errors  were  made.  The  character  spacing  achieved  by  illuminating  every  other  character 
was  7.8  mm. 

5  CONCLUSIONS 

The  results  indicate  that  all  variables  studied  in  this  equipment  ;  vibration, 
frequency  and  axis,  whether  the  head  was  against  or  off  the  head  reso  and  subjects,  had 
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an  effect  on  the  magnitude  of  the  error  rates  in  reading  a  four  character,  4mm  LED 
numeric  display. 

During  debriefing  of  subjects  it  became  clear  that  there  were  several  well  defined 
effects  which  gave  rise  to  errors.  Firstly,  the  image  of  the  display  was  elliptical  in 
form  which  indicated  that  the  motion  of  the  head  was  in  both  the  vertical  and  lateral 
directions  for  either  single  axis  input  vibration.  These  cross  coupling  components  at 
the  head  (shown  in  Fig  2)  resulted  in  a  blurring  of  the  vertical  image  both  vertically 
and  laterally. 

Secondly,  overlapping  of  nodal  images  during  lateral  vibration  made  the  middle 
characters  of  the  display  more  difficult  to  read  compared  with  the  end  characters. 

Retinal  nodal  image  displacement  due  to  yaw  and  pitch  motion  of  the  head  is  a  possible 
explanation  for  the  peak  in  error  rates  at  a  vibration  frequency  of  14-16  Hz. 

It  may  be  concluded  from  the  error  rate  data  that  as  the  distribution  of  errors 
within  the  digits  is  not  constant  over  all  the  digits,  the  character  fount  used  was  not 
'ideal'.  However  a  different  format  would  not  have  totally  eliminated  errors  since  sub¬ 
jects  stated  that  under  some  conditions  the  display  was  extremely  difficult  to  read  due 
to  blurring  of  the  retinal  image  and  it  is  felt  that  this  contributed  far  more  to  the 
error  rate  than  the  format  of  the  characters.  The  blurring  reported  by  subjects  may  be 
reduced  by  increasing  the  character  spacing.  This  has  been  shown  to  eliminate  errors  for 
the  4  mm  character  height  using  7.8  mm  character  spacing  and  a  vibration  frequency  of 
14  Hz.  It  therefore  may  be  possible  to  predict  an  optimum  character  spacing  for  a  dis¬ 
play  to  be  used  in  any  particular  vibrating  environment  using  measurements  of  head 
vibration  and  consideration  of  nodal  images. 

The  results  of  this  investigation  indicate  that  over  all  vibration  conditions  used 
the  average  error  rate  for  vertical  axis  vibration  was  about  ljt  and  for  lateral  vibration 
was  1 . 6jt ,  although  errors  of  up  to  10%  and  15*  respectively  were  obtained  under  some 
vibration  conditions.  It  should  be  noted  that  these  high  error  rates  were  found  for 
subjects  only  when  the  head  was  against  the  head  rest.  This  is  an  unnatural  posture  and 
would  normally  only  be  adopted  when  flying  sustained  high  acceleration  manoeuvres,  and 
then  for  a  limited  time.  With  this  in  mind,  these  results  are  very  encouraging  and 
indicate  that  such  displays  may  be  successfully  employed  in  vibrating  environments.  How¬ 
ever  performance  in  a  combined  high  illumination  and  vibration  environment  which  may 
prevail  in  an  aircraft  cockpit  has  not  been  investigated.  During  vibration  the  retinal 
nodal  images  will  be  of  a  reduced  luminance  compared  with  the  display  when  static  and 
therefore  to  achieve  the  same  luminance  of  the  nodal  images  the  display  brightness  may 
have  to  be  increased  when  viewed  in  conditions  of  vibration. 
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Subject  number 

Age 

Table  1 

SUBJECT  DATA 

Height  (m) 

Weight  (kg) 

1 

35 

1.72 

73 

2 

38 

1.77 

74 

3 

ho 

1.78 

73 

4 

29 

1.83 

70 

5 

ho 

1.79 

61.2 

6 

31 

1.87 

86 
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Table  2 

DISTRIBUTION  OF  ERRORS  AMONG  THE  DIGITS 
Vertical  vibration 


True 


1 

2 

3 

4 

5 

- 

7 

8 

9 

0 

l 

R 

1 

0 

0.8 

1.3 

1.0 

0.3 

1.0 

1.0 

0.8 

0.3 

0.8 

7.3 

E 

A 

2 

0.3 

0 

0 

0 

0.3 

0 

0.8 

0.8 

0.8 

0.3 

3.3 

D 

3 

0 

0.8 

0 

0 

1.0 

0.3 

0 

2.5 

0.3 

0.3 

5.2 

A 

4 

0.5 

0 

0.3 

0 

5.0 

4.8 

hi 

1.0 

hi 

0.5 

19.7 

S 

5 

0 

0.5 

0.3 

0.8 

0 

0.5 

2.3 

0.3 

0.3 

0 

5.0 

6 

0 

0.3 

0 

0 

2.0 

0 

0 

2.5 

0 

0 

4.8 

7 

0.5 

0 

0 

1.0 

0.3 

0 

0 

0.5 

4.3 

0.8 

7.4 

8 

0 

0 

1.0 

0 

0 

0.3 

0 

0 

2.8 

0.5 

4.6 

9 

0 

0 

1.5 

1.3 

0.5 

0 

0.8 

1.0 

0 

0 

5.1 

0 

4.3 

3.0 

3.8 

0.5 

2.3 

0.5 

0 

21.9 

0.3 

0 

36.6 

1 

5-6 

5.4 

8.2 

4.6 

11.7 

7.4 

8.7 

31.3 

12.9 

3.2 

99-0 

Total  error  =  0.99 % 


Lateral  vibration 


True 


1 

2 

3 

4 

5 

6 

7 

8 

9 

0 

I 

R 

1 

0 

0.3 

2.3 

1.3 

0 

0.5 

5.0 

1.5 

0 

0.8 

11.7 

E 

A 

2 

1.0 

0 

2.5 

0.3 

0 

1.5 

1.3 

1.5 

1.0 

0.8 

9.9 

D 

3 

0.8 

hi 

0 

0.3 

2.3 

0.3 

3.0 

hi 

0.5 

0 

15.5 

A 

4 

0.8 

0.3 

0.8 

0 

6.1 

6.1 

2.8 

1.3 

hi 

1.0 

27.5 

S 

5 

0.5 

1.0 

1.8 

0.8 

0 

1.0 

1-5 

0.8 

0.5 

0.3 

9.2 

6 

0.3 

0.8 

0.8 

0.3 

1.8 

0 

0 

4.5 

0.3 

1.0 

9-8 

7 

1.8 

0.8 

2.8 

0.3 

0.3 

0 

0 

0.3 

5.0 

0.3 

11.6 

8 

0 

2.0 

4^3 

1.0 

1.8 

5j_0 

0 

0 

hi 

4.0 

21.9 

9 

2.0 

0 

2.5 

'il 

3.5 

0.3 

2.5 

2.0 

0 

0.8 

19.4 

0 

5.0 

3.5 

1.8 

0.5 

1.8 

1.3 

0.8 

9J3 

0 

0 

24.5 

I 

12.2 

12.5 

19.6 

10.6 

17.6 

16.0 

16.9 

26.2 

20.0 

9.0 

161.0 

Total  error  =  1.61X 


This  table  gives  the  total  number  of  times  an  error  has  been  made  on  a  particular 
digit  as  a  fraction  of  the  total  number  of  digits  presented  over  all  subjects  and 
test  conditions.  Error  fractions  are  scaled  up  by  a  factor  of  10.  Worst 
confusions  underlined  (error  rate  >  2  *  10"4). 

Table  3 

DISTRIBUTION  OF  ERRORS  WITH  CHARACTER  POSITION 
Lateral  vibration 

Left  Right 

Character  1  2  3  4 

Total  nymber  of  errors  106  239  223  110 

Vertical  vibration 

Left  Right 

Character  123  4 

Total  number  of  errors  97  127  102  97 

All  subjects  -  all  experimental  conditions 


Fig  4  Average*  percentage  error  rate  for  each  subject  under  all  vibration  conditions 


Frequency  (Hz)  vertical  axis 


Frequency  (Hz)  lateral  axis 


Fig  5  Error  rate  averaged  over  six  subjects 


DISCUSSION 


DR.  L.  VOGT  (FRG) 

Referring  to  your  slide  which  shows  an  increase  in  reading  error  around  14  Hz  with  lateral  vibration 
and  the  head  on  the  headrest  ( figure  S  of  text'  and  which  you  said  you  could  not  explain.  Have  you 
looked  into  the  dynamics  of  the  head  helmet  headrest  system  to  see  if  there,  is  a  resonance  there? 

AUTHOR'S  REPLY 

We  have  measured  the  vil ration  transmissibility  of  the  subject  wearing  all  the  experimental  equip¬ 
ment.  The  transmissibility  of  a  single  subject  measured  in  all  three  linear  axes  has  been 
analysed,  but  has  not  shown  any  peak  in  response  at  14  Hz.  There  may,  however,  be  something  in  roll 
or  yaw  which  is  giving  rise  to  this  increase  in  error  rate. 
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THE  EFFECT  OF  TURBULENCE  ON  HELMET  MOUNTED  SIGHT  AIMING  ACCURACIES 

by 

N.  0.  Tatham 

Flight  Systems  Department,  Royal  Aircraft  Establishment, 
Fcrnborough,  Hants,  GUI 4  6TD,  UK 


SUMttRY 

This  paper  describes  some  measurements  that  were  made  to  assess  the  effects  of  the  turbulence  associ¬ 
ated  with  high-speed,  low-level  flight  on  the  accuracies  achievable  with  helmet  mounted  sighting  equipment. 
Experiments  were  conducted  both  in  flight,  during  trials  in  a  Canberra  aircraft,  flying  straight  and  level 
at  350  kn,  250  ft,  and  in  the  laboratory,  using  a  two-axis  vibration  rig  driven  by  vibration  data  recorded 
from  the  same  Canberra  aircraft  to  provide  simulated  turbulence.  The  sighting  equipment  used  was  a  Honey¬ 
well  MOVTAS  helmet  mounted  sight,  which  presented  an  aiming  reticle  in  front  of  the  wearer's  right  eye 
while  helmet  attitude  angles  were  measured  by  optical  sensing  devices  mounted  on  the  outside  of  the  helmet. 

Aiming  accuracies  were  obtained  for  collimated  targets  fixed  in  space  in  the  simulation,  and  for  both 
collimated  targets  fixed  to  the  airframe  and  ground  targets  in  flight.  The  results  obtained  show  a  good 
correlation  between  aiming  errors  thieved  in  flight  and  those  obtained  from  the  simulation,  and  demon¬ 
strate  that  the  aiming  errors  consist  mainly  of  a  low  frequency  random  motion  which  increases  with  vibra¬ 
tion  level.  In  addition,  various  techniques  were  investigated  to  overcome  the  errors  involved  in  order  to 
enable  fine  aiming  to  be  performed  with  the  helmet  sight. 


INTRODUCTION 

A  programme  of  experiments  has  been  carried  out  at  the  Royal  Aircraft  Establishment  supported  by 
British  Aerosp  :e  Ltd  to  assess  the  capabilities  of  both  helmet  mounted  sights  and  displays  in  high-speed, 
low-level  flight.  One  important  aspect  of  this  work  has  been  the  measurement  of  the  effect  of  the  involun¬ 
tary  head  motion  caused  by  turbulent  flight  on  the  aiming  performance  with  such  devices.  This  paper 
suamarises  some  of  the  data  obtained  during  these  experiments  on  the  aiming  performance  with  this  sighting 
equipment  and  on  some  of  the  improvements  that  can  be  mads  to  the  basic  system. 

THE  HELMET  SIGHT 

Head  pointing  angles  were  measured  using  a  Honeywell  MOVTAS  helmet  mounted  sight.  This  device 
presents  the  wearer  with  an  aiming  reticle,  which  is  reflected  from  the  helmet  visor  into  the  right  eye. 

The  reticle  consists  of  two  concentric  rings  (50  mrad  and  10  mrad  diameter),  centred  on  the  sight  line. 

This  reticle  image  is  collimated  to  infinity  and  represents  the  aiming  sight  line.  Sensors  mounted  on  the 
sides  of  the  helmet  detect  rotating  beams  of  infra-red  radiation  emitted  by  two  units  mounted  in  the  cock¬ 
pit  (or  on  the  vibration  rig  in  the  simulation).  The  sensor  signals  are  decoded  into  helmet  attitude 
angles  by  a  computer  and  a  continuous  estimate  of  elevation  and  azimuth  pointing  angles  are  produced. 

Once  harmonised  to  the  aircraft  system,  this  configuration  of  helmet  sight  war  found  to  operate  to  an 
accuracy  of  about  2  mrad  over  the  range  of  azimuth  and  elevation  angles  used. 

THE  LABORATORY  SIMULATION 

Experiments  were  performed  using  a  two-axis  (heave  and  sway)  vibracion  rig  to  simulate  the  aircraft 
turbulence.  The  vibration  rig  was  driven  from  accelerometer  recordings  taken  during  high-speed,  low  level 
flight  of  a  Canberra  aircraft.  This  aircraft  was  flown  at  350  kn  and  250  ft  and  gave  a  rougher  ride  than 
would  be  expected  from  more  modern  ground  attack  aircraft  with  higher  wing  loading.  The  vibration  was 
filtered  to  remove  any  power  below  0.5  Hz  or  above  25  Hz  (the  vibration  rig  response)  and  produced  an  rms 
vibration  level  of  0.25  g  heave  and  0.1  g  sway.  Details  of  the  vibration  spectrum  are  shown  in  Fig  I. 

Lower  levels  of  vibration  were  produced  by  lowering  the  vibration  rig  transmissibility.  Subjects  were 
seated  in  an  ejection  seat  on  the  vibration  rig  and  were  told  to  aim  their  helmet  mounted  sight  at  targets 
which  were  collimated  to  infinity  and  in  fixed  directions  in  space  relative  to  them. 

FLIGHT  TRIALS 

The  helmet  sight  was  also  installed  in  a  Canberra  aircraft  and  used  during  high-speed,  low-level 
flight  trials.  The  flight  trials  program  was  designed  to  assess  the  performance  of  both  the  helmet  sight 
and  other  equipment  on  the  aircraft.  The  helmet  sight  was  installed  in  the  pilot's  cockpit  and  was  used 
to  designate  targets  to  other  systems  in  the  aircraft.  For  the  purposes  of  these  experiments,  the  output 
of  the  helmet  sight  was  recorded  during  flight  together  with  other  aircraft  data  and  later  analysed  on  the 
ground  to  provide  estimates  of  aiming  accuracy.  Two  types  of  target  were  used.  The  first  (experiment  Cl) 
was  the  aircraft  gunsight  which  was  fixed  to  the  aircraft  and  hence  had  no  motion  relative  to  the  aircraft. 
The  second  (experiment  C2)  were  ground  targets  whose  motion,  relative  to  the  pilot  reflected  the  motion  of 
the  aircraft  through  the  air.  The  aircraft  was  flown  at  350  kn,  250  ft,  straight  and  level  over  level 
terrain  and  aiming  conmenced  at  a  range  of  2-5  km  from  the  ground  targets. 

AIMING  ACCURACIES 

Aiming  accuracies  with  the  helmet  sight  against  stationary  targets  were  measured  in  the  laboratory 
for  a  variety  of  vibration  levels  and  a  limited  number  of  subjects.  The  rms  aiming  error  for  each 
10  second  aiming  run  vas  calculated  and  correlated  with  the  input  vibration  level.  The  linear  regression 
lines  are  shown  in  Fig  2  (elevation  head  motion  versus  heave  vibration)  and  Fig  3  (azimuth  head  motion 
versus  sway  vibration).  The  amount  of  head  motion  varied  from  almost  none  under  no  vibration  (head  motion 
lost  in  system  noise)  to  up  to  30  mrsd  elevation  error  and  16  mrad  azimuth  error  under  the  highest  vibra¬ 
tion  level,  although  it  must  be  remembered  that  the  vibration  levels  are  higher  in  the  Canberra  aircraft 
than  in  more  modern  aircraft  and  that  this  highest  vibration  level  was  rated  as  severe  turbulence. 


Also  shown  on  these  two  graphs  are  the  results  £rom  the  flight  trials.  The  regression  lines  from 
the  fixed  target  aiming  are  labelled  Cl  while  the  lines  for  ground  target  aiming  are  labelled  C2.  As  can 
be  seen,  agreement  with  the  laboratory  data  is  good  except  for  the  C2  azimuth  error.  This  azimuth  aiming 
error  results  from  the  additional  target  motion  in  experiment  C2.  The  Canberra  aircraft  at  high-speed, 
low-level  tends  to  produce  a  snaking  motion  in  yaw,  causing  an  effective  target  motion  in  azimuth  and 
tracking  this  target  motion  causes  aiming  erro.s  additional  to  those  for  the  fixed  targets. 

Frequency  analysis  of  the  helmet  sight  output  was  also  performed  and  Fig  4  shows  the  power  spectra 
of  tracking  error  (ie  the  involuntary  motion)  for  a  typical  run.  This  graph  shows  that  the  bulk  of  the 
power  occurs  at  low  frequencies,  less  than  about  4  Hz,  while  higher  frequencies  present  in  the  vibration 
input  are  damped  out  by  the  human  body. 

IMPROVEMENT  TECHNIQUES 

Aiming  errors  of  this  magnitude  limit  the  usefulness  of  helmet  mounted  sighting  equipment.  Although 
these  errors  are,  perhaps,  adequate  for  coarse  weapon  aiming,  somewnat  improved  errors  are  required  for 
fine  aiming  of  some  weapons.  Some  attempt  was  made  therefore  to  find  a  technique  to  improve  on  these 
errors. 

The  first  improvement  technique  which  was  applied  is  that  of  filtering  the  data.  Since  the  output 
of  the  turbulent  helmet  motion  is  a  continuous  signal,  filtering  (analogue  or  digital)  can  remove  the 
higher  frequency  oscillations,  leaving  only  the  low  frequency  information.  This  process  is  identical  to 
that  of  time  averaging  the  data.  By  averaging  over  1  second,  say,  noise  with  frequencies  greater  than 
I  Hz  is  removed,  leaving  only  the  effective  mean  aiming  point.  The  drawback  of  this  method  is  that,  for 
a  I  second  averaging  period,  a  1  second  lag  is  put  into  the  system,  which  may  be  unacceptable,  and  also, 
reliance  is  put  on  the  subject  maintaining  his  aim  for  the  whole  of  that  second.  A  few  simple  filtering 
techniques  were  performed  during  these  experiments,  which  indeed  showed  a  decrease  in  error  of  more  than 
50%  at  the  expense  of  response  time,  but  insufficient  trials  were  performed  to  quantitatively  assess  the 
method. 

The  second  technique  tried  was  to  enable  the  pilot  to  mark  the  target  instantaneously  with  an  event 
button,  when  he  thought  he  was  aiming  precisely  on  the  target.  At  the  instant  of  mark,  the  helmet  sight 
output  was  used  to  compute  the  instantaneous  aiming  error.  This  experiment  was  performed  in  the  labora¬ 
tory  and  the  results  are  shown  in  Table  I,  for  three  different  vibration  conditions.  Both  instantaneous 

marking  errors  and  rms  tracking  errors  over  10  seconds  of  tracking  per  run  are  shown,  each  averaged  over 

a  number  of  runs.  As  can  be  seen  the  marking  accuracies  are  very  comparable  with  the  tracking  accuracies 
suggesting  that  no  improvement  can  be  made  by  this  method.  The  conclusion  is  that  marking  accuracy  is 
equivalent  to  a  random  sample  of  the  involuntary  head  motion,  a  fact  not  wholly  unexpected  since  the  head 
motions  contain  higher  frequencies  than  the  bandwidth  of  the  human  headpointing  control  system. 

The  third  method  of  improvement,  the  most  complicated,  involves  a  scaling  of  the  output  of  the 
helmet  sight.  By  scaling  down  the  helmet  sight  output,  a  greater  signal  to  noise  ratio  can  be  achieved 
between  the  voluntary  head  aiming  motion  and  the  involuntary  head  turbulent  motion.  Unfortunately,  since 
there  is  no  longer  a  one-to-one  correspondence  between  head  attitude  angles  and  spatial  aiming  angles,  the 
helmet  sight  reticle  can  no  longer  he  used  as  an  indicator  of  the  aim  point.  Instead,  visual  feedback 
must  be  given  by  a  display  of  the  aiming  process  presented  on  a  display  surface  (head-down,  head-up  or 
even  helmet-mounted).  The  process,  therefore,  links  best  with  a  sensor ,  and  consists  of  providing  the 

subject  with  a  display  from  the  sensor  showing  the  target  and  an  aiming  cursor;  the  helmet  sight  is  then 

•tsed  in  ptface  or  the  more  conventional  hand  controller.  The  position  of  the  cursor  is  controlled  totally 
by  the  pilot's  head  position  while  he  looks  at  the  display.  For  a  scaling  of  10:1,  a  100  mrad  head  move¬ 
ment  will  result  in  a  10  mrad  (visual  angle)  cursor  movement,  while  a  10  mrad  involuntary  head  motion  will 
be  scaled  to  a  I  mrad  cursor  movement,  etc.  An  initial  course  aiming  process  is  required  to  acquire  the 
target  onto  the  display  and  establish  the  origin  for  the  subsequent  helmet  control  inputs.  Some  labora¬ 
tory  experimental  data  has  been  obtained  on  the  efficiency  of  this  technique.  Experiments  were  performed 
of  a  full  weapon  aiming  process  of  which  this  technique  was  a  part.  Static  targets  were  presented  using  a 
Hughes  helmet  mounted  display  as  the  display  surface.  A'.ming  error  under  vibration  (low-level  Canberra 
in  the  laboratory)  was  extracted  from  the  results  of  these  experiments,  and  is  sunmarized  in  Table  2. 
Scaling  factors  of  2:1,  4:1  and  10:1  only  were  used  and  only  radial  aiming  error  (median)  was  computed. 
These  results,  however,  are  not  inconsistent  with  the  results  for  the  effective  1:1  scaling  shown  in 
Table  1.  A  clear  improvement  can  be  seen  as  the  scale  factor  is  increased,  consistent  with  the  effective 
decrease  of  the  involuntary  head  motion  component.  Limits  on  the  desirable  total  head  movement,  however, 
limit  the  effective  coverage  of  the  head  as  a  controller  in  this  mode,  especially  at  the  higher  scaling 
factors. 

A  very  quick  test  was  also  performed  using  the  helmet  sight  as  a  rate  controller  with  the  cursor 
rate  controlled  by  the  subject's  head  position.  The  results  obtained  were  encouraging,  producing  aiming 
errors  similar  to  the  10:1  scaling  case.  This  method  has  the  advantage  that  the  head  movements  can  still 
remain  small  without  limiting  the  coverage  of  the  system. 

This  third  improvement  technique,  therefore,  appears  to  be  an  effective  method  of  improving  the 
aiming  accuracy  with  the  helmet  sight,  although  it  can  only  be  used  in  those  cases  where  the  aiming  process 
can  be  linked  to  a  sensor  or  otherwise  transferred  to  a  display  surface.  However,  if  no  such  display  is 
available,  only  the  technique  of  filtering  can  be  employed. 

CONCLUSIONS 

The  major  contribution  to  helmet  sight  aiming  accuracy  in  high-speed,  low-level  flight  is  the 
involuntary  head  motion  caused  by  the  turbulence.  This  involuntary  head  i_otion  consists  of  a  low  frequency 
random  motion  with  a  cut-off  of  4  Hz  and  amplitude  dependent  on  the  vibration  level.  Filtering  of  the 
helmet  sight  output  may  be  used  to  reduce  the  effects  of  this  involuntary  motion,  while  attempts  to  mark 
instants  of  more  accurate  aiming  provide  no  improvement  over  random  sampling  of  this  involuntary  motion. 

Use  of  a  helmet  sight  ar  a  control  input  to  aiming  tasks  on  a  display  shows  promise,  but  this  needs 
further  investigation  with  specific  applications  in  mind.. 
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Table  1 


Values  in  mrad 

Vibration  condition 

Hone 

Canberra 

Low 

High 

Marking  error 
(scandai d  deviation 
over  runs) 

Azimuth 

5 

19 

21 

Elevation 

4 

26 

37 

Rms  tracking  error 
(mean  o\jr  runs) 

Azisiuth 

4 

16 

19 

Elevation 

4 

30 

33 

Table  2 


Scaling  factor 

2-1 

4:1 

10:1 

Radial  aiming  error 
mrad 

(under  Canberra  vibration 
low  level) 

S 

5 

3 

Copyright 

© 

Controller  HMSO  London 


spectral  density  (#*/ Hi)  Power  spectral  density  (  p’/Ml) 
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CLINICAL  MEDICAL  EFFECTS  OF  HEAD  AND  NECK  RESPONSE 
DURING  BIODYKAMIC  STRESS  EXPERIMENTS 

D.  J.  Thomas 
C.  L.  Ewing 
P.  L.  Majewski 
N.  S.  Gilbert 

Naval  Aerospace  Medical  Research  Laboratory  Detachaent 
P.O.  Box  29407 

New  Orleans,  Louisiana  70189 
USA 

SUMMARY 

Volunteer  subjects  have  undergone  lapact  acceleration  experiaents  at  the  Naval  Aerospace  Medical 
Research  Laboratory  Detachaent  (NAMRLD)  since  1974.  The  directions  of  the  applied  acceleration  are  -X 
(front  to  back),  *Y  (right  to  left),  and  -X+Y  (45*  between  -X  and  +Y).  The  major  categories  of  symptoms 
were  neck  pain,  headache,  restraint  related  musculoskeletal  symptoms,  and  syncope.  A  few  special  cases  had 
findings  tdiich  required  clinical  evaluation  and  followup.  The  type,  extent,  duration  and  severity  of  the 
symptoms  were  related  In  some  cases  to  the  direction,  peak  acceleration  and  acceleration  duration.  There 
were  1,621  instrumented  experiments  involving  62  volunteers.  Symptoms  or  signs  occurred  In  655  (40Z) 
experiments. 

INTRODUCTION 

The  aircrew  environment  of  high  performance  aircraft  Includes  a  complex  array  of  blodynamlc  stresses. 
These  are:  sustained  high  acceleration,  vibration,  successive  low  amplitude  Impacts  often  called  buffeting, 
and  in  emergencies,  the  succession  of  Impact  forces  Imposed  during  egress  and  descent  or  crashes.  A 
critical  physiological  limit  to  aircrew  effectiveness  and  maneuverability  is  the  response  of  the  head  and 
neck  which  Is  usually  unrestrained  and  encumbered  by  a  helmet  (1-5). 

NAMRLD  In  New  Orleans,  Louisiana  is  conducting  a  continuing  program  to  determine  the  dynamic  response 
of  volunteer  subjects  to  impact  acceleration  (6-12).  A  major  component  of  this  research  requires  the 
.teasurement  of  the  three  dimensional  kinematic  response  of  the  head  to  the  three  dimensional  kinematic  Imput 
at  the  first  thoracic  vertebral  body  (T^) .  The  head  and  neck  are  unrestrained.  The  Independent  variables 
of  the  experiments  are  the  peak  sled  acceleration,  rate  of  onset  of  acceleration,  duration  of  acceleration, 
direction  of  acceleration  applied  to  the  volunteer  and  initial  positioning  of  the  volunteer's  head  and 
neck. 


The  purpose  of  these  data  is  to  supply  a  numerical  basis  for  the  simulation  of  the  response  and  for 
specifications  required  to  construct  an  anthropomorphic  dummy  with  humanlike  dynamic  response.  Ii.  addition 
the  measured  kinematic  response  constitutes  a  basis  to  tdiich  to  relate  clinical  symptoms,  signs  and 
physiological  responses  of  the  volunteers.  The  kinematic  response  also  serves  as  a  basis  for  comparison  of 
high  level  animal  experiments  to  the  lower  level  volunteer  experiments.  The  data,  derived  simulation  and 
dummy  specifications  are  intended  for  the  evaluation  of  the  Impact  portion  of  the  blodynamlc  stress 
environment.  The  extent  to  tdilch  the  data  can  be  applied  to  other  tlodynamlc  stress  enviromaents  requires 
experiments  beyond  the  Impact  experimental  design.  The  clinical  signs  and  symptoms  must  be  carefully 
observed,  recorded,  and  analyzed  as  an  essential  effort  in  the  conduct  of  volunteer  experiments  and  in 
evaluating  the  Implications  of  the  measured  kinematic  response.  Physiological  limit  and  injury  criteria  are 
developed  in  part  from  these  observations. 

METHODOLOGY 

SLED  ACCELERATION  DEVICE  -  A  Bendlx  HYGf!®  pneumatically  driven  .3048m  diameter  accelerator  Is  used  to 
accelerate  an  approximately  1.2m  by  3.7m  sled  of  1,669  kg  mass  td>lch  is  rail  mounted  on  12  Delrln  Ar0  pucks. 
This  type  of  accelerator  has  been  described  previously  (13).  The  acceleration  stroke  is  limited  to  1.52m 
and  sled  mounted  brakes  are  not  used.  The  effective  deceleration  drag  Is  about  .2G  and  the  sled  Is  allowed 
to  coast  to  a  stop.  Total  rail  length  Is  213m. 

RESTRAINT  -  During  a  -X  experiment,  the  volunteer  subject  Is  seated  in  an  adjustable  chair  and  fitted 
with  a  lap  belt,  inverted  V  pelvic  restraint  and  a  bilateral  shoulder  harness  restraint.  A  loosely  fitting 
chest  safety  strap  is  also  employed.  The  restraint  system  Is  progressively  tightened  during  the  pre-run 
preparation  phase  in  order  to  minimize  unwanted  movement  by  the  volunteer  during  Impact  (Fig.  1).  However, 
the  head  and  neck  are  unrestrained. 

For  *Y  experiments,  the  subject  Is  restrained  In  a  nominally  upright  position  by  shoulder  straps  and  a 
lap  belt.  Inverted  V  pelvic  restraint  (Fig.  2).  A  safety  belt,  loosely  fitted  around  the  chest  is  also 
employed.  The  thrust  vector  of  the  sled  is  directed  from  the  right  to  the  left  shoulder  and  the  volunteer 
is  positioned  snugly  against  a  lightly  padded  wooden  board  used  to  Halt  the  upper  torso  motion.  The 
offaxls  (~X*Y)  experiments  were  conducted  using  the  same  seat  and  restraint  system  as  In  the  +Y  experiments. 
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The  output  of  each  acceleroaeter  is  hardwired  to  an  EAI-pacer  60(TV hybrid  computer,  digitized  at  2000 
samples  per  second  and  stored  on  magnetic  disk  in  real  time.  The  calibration  information  is  available  in 
the  computer  memory  prior  to  the  run  and  carried  with  the  accelerometer  data.  Within  minutes  after  each 
experiment  the  digital  data  are  scaled  end  reconverted  to  analog  form.  They  are  plotted  on  a  cathode  ray 
tube  for  validation  by  comparison  with  a  scaled  light  beam  oscillographic  plot  of  the  data,  independently 
generated  at  the  time  of  the  run.  In  addition,  a  two  axis  rate  gyroscope  is  mounted  on  the  head  mount  and 
on  the  T,  mount.  The  data  from  these  gyroscopes  are  used  as  an  independent  measurement  of  two  components  of 
the  angular  velocity  of  the  head  and  of  the  neck. 


Cinephotographic  coverage  of  the  event  is  nrovlded  by  two  sled-mounted,  pin-registered  16mm,  500  frame 
per  second  cameras,  Mllllken  DBM  5D®  or  DBM  53“,  situated  orthogonally  tcweach  other  at  approximately  one 
meter  from  the  volunteer.  These  cameras  are  equipped  with  12.5mm  Kinoptic®  lenses  at  f4.  Each  camera  has  a 
140  degree  shutter  and  is  equipped  to  print  ten  digits  of  the  time  of  day  at  time  of  shutter  opening 
resolved  to  0.1  as  along  the  frame  .edge  as  well  as  serial  IRIG  B  timing  along  the  opposite  edge.  One 
hundred  foot  rolls  of  Kodak  2479  RAk®  film  are  used. 

Lighting  is  provided  by  four  sled-mounted  General  Electrii®  4582  lamps  mounted  in  pairs  at  each  of  the 
camera  sites.  One  camera  is  mounted  to  the  right  of  the  volunteer  with  lens  axis  approximately  normal  to 
the  mid-sagittal  plane  of  the  volunteer.  The  other  one  is  mounted  in  front  of  the  volunteer.  Photographic 
targets  on  the  T^  instrumentation  mounts  as  well  as  the  sled-mounted  target  remain  in  the  field  of  view  of 
the  lateral  camera.  Targets  on  the  mouth  mount  instrumentation  are  in  the  field  of  view  of  both  cameras. 
There  is  an  additional  overhead  camera  for  the  *Y  experiments.  The  Tj  mount  displacement  is  constrained  to 
the  mid-sagittal  plane  and  is  measured  relative  to  the  sled  coordinate  system  for  -X  experiments.  The  three 
dimensional  motion  of  the  Tj  mount  is  measured  for  +Y  experiments.  The  mouth  mount  displacement  can  be 
measured  in  three  dimensions  relative  to  the  sled.  In  -X+Y  experiments,  the  photographic  coverage  is 
identically  placed  relative  to  the  volunteer  as  in  the  +Y  experiments. 

THE  PHYSIOLOGIC  DATA  COLLECTION  SYSTBi  —  The  physiologic  data  collection  system  utilises  an 
eight-electrode  harness,  signal  conditioning  amplifiers,  an  FM  trans-  itter-receiver  telemetry  package,  an 
instrumentation  quality  analog  magnetic  tape  recorder,  a  pen  recorder  and  oscilloscope  monitors.  The 

frequency  response  of  the  entire  system  is  flat  from  0.1  Hz  to  80  Hz,  down  4  dB  at  0.05  Hz  and  down  1  dB  at 

’00  Hz.  Sigaal  to  noise  ratio  on  tape  la  55  dB  and  80  dB  on  the  pen  recorder  (17). 

Although  the  electrode  placement  is  in  accprdance  with  the  system  described  by  Frank,  slight 

modifications  have  been  made  to  accomindate  the  anatomic  mount  placed  jt  T  .  Electrodes  at  locations  I,  F, 

C,  A  and  M  have  been  placed  in  agreement  with  Frank.  H  has  been  shifted  from  the  posterior  neck  to  the 
spinous  process  of  the  third  thoracic  vertebra.  Lead  F  has  been  shifted  from  the  left  le«  to  the  left  iliac 
crest  (Fig.  4).  The  electrodes  are  of  the  active  variety.  The  skin  is  prepared  by  vigorous  scrubbing  with 
an  acetone  moistened  sponge.  The  electrode  surface  is  sparingly  coated  with  a  conductive  cream  and  the 
electrode  is  placed  in  the  proper  anatomic  location.  The  electrode,  along  with  a  loop  of  wire  to  provide 
strain  relief,  is  covered  with  an  adhesive  backed  pad.  The  individual  electrode  wire  leads  are  cabled 
together  and  attached  to  the  sled  mounted  amplif ier-FM  transmitter  package  by  a  single  connector.  The 
transmitting  antenna  is  sled  mounted  and  located  approximately  6  cm  from  the  receiving  antenna  which  runs 
the  entire  length  of  the  track.  The  received  FM  multiplex  signal  is  conducted  by  shieldei  cable  to  the 
control  ro<»  where  the  electrocardiographic  data  are  appropriately  demodulated  and  stored  on  analog  magnetic 
tape.  The  three  VCG  channels  are  also  written  out  by  a  pen  recorder  and  displayed  on  oscilloscope  w>nitors. 
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The  vectorcardlographic  data  are  collected  ulthln  an  anatomic  coordinate  system  based  on  the  three-axis 
Cartesian  systei  utilizing  the  right  hand  rule.  This  system  is  chosen  to  assure  conformity  with  the  other 
laboratory  coordinate  systems.  The  anterior-posterior  lead  pair  is  termed  X,  the  left-right  pair  is  termed 
Y  and  the  superior-inferior  pair  is  termed  Z.  Anterior,  left  and  superior  are  positive  in  polarity. 
Therefore,  the  NAM  RID  channels  X,Y,Z  correspond  to  Frank  -Z,X,-Y  and  approximate  the  standard  leads 
V2,I,-aVf  respectively  (Fig.  5). 


LEAD  COORDINATE  SYSTEM  COMPARISON 
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Figure  5 


CLINICAL  MONITORING  PROCEDURES  -  All  volunteer  subjects  are  extensively  screened  prior  to  entry  into 
the  biodynamics  research  program  at  NAMRLD.  The  procedures,  selection  criteria,  and  selection  rates  for  the 
period  1967  through  1977  have  been  presented  (18).  Any  volunteer  candidate  found  to  have  an  anomaly.  Judged 
to  place  him  at  an  excess  risk  of  injury  from  the  experiments  as  compared  with  a  volunteer  candidate  without 
the  anomaly  is  disqualified.  As  a  result  of  this  screening  effort,  a  substantial  baseline  clinical  and 
physiological  record  is  available. 

Each  volunteer  is  examined  by  an  attending  physician  before  and  after  every  experiment.  The  physicians 
are  individually  qualified  as  medical  monitors  after  extensive  experience  with  the  research  equipment, 
experimental  methods  and  design.  Whenever  a  volunteer  is  seated  on  an  operating  experimental  device,  the 
attendli^  physician  is  present  with  the  capability  to  abort  the  experiment  at  any  time.  Each  volunteer 
answers  a  routine  self  evaluation  at  12  and  24  hours  post  experiment.  In  order  to  standardize  and  retrieve 
the  clinical  record,  a  highly  structured  examination  record  procedure  was  established.  The  basic  forms, 
"Medical  History  Screen"  (Fig.  6)  and  "Physical  Examination  Screen"  (Fig.  7)  are  presented.  This  is  the 
entry  form  to  an  extensive  set  of  subsidiary  forms  which  are  used  when  a  pre-run  abnormality  or  a  post-run 
change  is  checked  on  the  basic  form.  There  is  a  subsidiary  form  for  each  numbered  item  on  the  basic  form. 
All  of  the  data  in  "check  off"  form  are  reduced  to  punch  cards.  Observations  not  amenable  to  "check  off"  or 
which  can  not  be  numerically  recorded,  are  written  on  one  of  the  numbered  forms  in  a  narrative  and  retained. 
A  special  case  pretails  for  item  216,  "Rrysiologic  data  from  run."  This  is  an  entry  oolnt  to  access  the 
summary  judgments  from  reviews  of  physiologic  data.  In  all  fully  instrumented  experiments  there  is  a 
detailed  vectorcardiograph  clinical  simraary  on  a  separate  form  accessed  through  item  216.  Other  physiologic 
measurement  systems  have  been  used  and  are  under  development. 

If  the  pre  and  post  experiment  examinations  are  normal,  the  only  records  are  Form  100  "Medical  History 
Screen,"  Form  200  "Physical  Examination  Screen,"  Form  202  "Vital  Signs,"  Form  203  "Visual  Acuity  and 
Accommodation,"  Form  214  "Urinalysis  "  and  Form  216  "Riyslologlcal  Data  from  Run."  Categories  can  be  added 
to  the  basic  form,  and  details  changed  on  the  subsidiary  forms  without  changing  t.ie  logic  of  the  system's 
ability  to  retrieve  and  analyze  records  prior  to  the  change.  The  observation  from  these  records  constitutes 
the  data  base  of  this  report. 
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Figure  7 


EXPERIMENTAL  DESIGN 

All  human  Impact  acceleration  experiments  with  full  inertial  Instrumentation  of  the  head  and  are 
presented  for  horizontal  accelerator  runs  #156  through  #3291.  The  experiments  as  summarized  (Fig.  3) 
constitute  the  experimental  design. 

The  experimental  condition  is  specified  by  direction  of  acceleration  applied  relative  to  the  seated 
volunteer.  The  three  directions  studied  ares  -X,  chest  to  back;  +Y,  right  to  left;  and  offaxls,  designated 
-X+Y,  a  direction  at  45*  between  -X  and  +Y.  It  is  further  specified  by  the  peak,  duration  and  rate  of 
onset  of  acceleration  applied  to  the  sled.  For  each  direction  three  conditions  of  duration  and  onset  are 
established  which  are  high  onset  long  duration  (HOLD),  high  onset  short  duration  (HOSD)  and  low  onset  long 
duration  (LOLD) .  Selected  initial  conditions  of  head  and  neck  position  are  studied  within  the  HOLD 
configuration  and  the  effects  on  the  dynamic  response  for  -X  and  for  +Y  direction  have  been  reported  (6,12). 
However,  the  effect  on  symptoms  and  signs  is  repotted  for  only  one  special  initial  condition  of  neck  forward 
chin  down  (NFCD)  in  the  -X  direction. 

There  is  considerable  overlap  of  rate  of  onset  between  the  high  onset  condition  and  the  low  onset 
condition.  This  is  due  primarily  to  the  characteristic  of  the  accelerator.  The  rate  of  onset  is  dependent 
on  peak  acceleration.  Therefore,  a  low  level  high  rate  of  onset  experiment  may  have  a  lower  rate  of  onset 
than  a  high  level  low  rate  of  onset  experiment.  Also  there  is  considerable  variability  in  rate  of  onset. 
On  the  average,  at  a  giver  peak  sled  acceleration  the  high  rate  of  onset  condition  is  two  to  six  times 
higher  than  the  low  rate  of  onset  condition. 
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Figure  8,  Experimental  Design.  The  condition  mnemonic  is  defined  In  the  text. 


RESULTS 


A  total  of  1,621  fully  Instrumented  volunteer  experiments  have  oeen  conducted  between  31  Jan  1974  and 
12  July  1979:  563  -X,  732  +Y,  and  323  -X+Y.  Symptoms  or  signs  caused  by  the  impact  experiment  occurred  in 
655  experiments,  with  260  In  -X,  287  in  +Y  and  108  in  -X+Y.  The  Incidence  rates  are  46%,  39%,  33% 
respectively,  and  40%  for  an  overall  average. 

The  moat  Important  clinical  results  are  those  symptoms  and  signs  with  relatively  high  Incidence  rates 
and  those  trtilch  show  dependence  on  the  applied  acceleration  levels.’  Symptoms  of  headache  are  prevalent  for 
-X  experiments.  The  incidence  is  presented  grouped  by  peak  sled  acceleration  level  and  experimental 
condition  (Fig.  9).  The  dose  dependency  is  relatively  weak.  The  short  duration  experiments  have  a  lower 
Incidence  rate.  The  major  finding  is  a  threshold  of  increased  incidences  between  10G  and  11G,  as  shown 
(Fig.  10).  The  majority  of  the  headaches  occur  instantaneously  with  the  experiments  and  are  relieved 
without  symptomatic  treatment  before  the  close  of  the  workday.  The  location,  intensity,  and  quality  were 


highly  variable.  The  relationship  of  the  symptom  threshold  to  the  threshold  for  structural  damage  or  injury 
is  poorly  defined.  In  one  long  duration  human  experiment  on  Stapp  with  sled  peak  of  40G  in  which  there  were 
a  wide  variety  of  serious  symptoms  (1),  permanent  structural  damtge  was  avoided.  Within  the  HOLD  -X 
condition  there  are  four  initial  conditions  of  the  head  and  neck.  Tne  neck  forward  chin  down  (NFCD) 
condition  was  shown  to  significantly  decrease  the  peak  head  angular  acceleration  and  linear  acceleration 
(6).  There  are  thirteen  6G  and  fourteen  10G  NFCD  experiments.  Headache  is  associated  with  only  one  of 
these  experiments,  which  was  at  10G.  This  suggests  that  this  initial  condition,  which  decreases  measured 
head  loading,  is  also  protective  agaiust  symptoms. 
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Figure  9. 

Incidence  of  -X  impact  experiments  with  volunteers 
reporting  headache. 
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Figure  10.  Threshold  of  incidence  of  headache  for  -X  impact 
experiments  with  volunteers. 
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The  other  majc  r  symptom  category  is  pain,  muscular  soreness,  stiffness,  or  limitation  of  range  of 
motion  of  the  neck.  The  incidence  of  the  neck  symptoms  for  -X  experiments  is  presented  (Fig.  11).  The 
incidence  shows  a  threshold  response  at  about  10G  and  a  rise  in  Incidence  through  the  16G  experiments.  The 
symptoms  occur  promptly  with  the  experiment,  tend  to  persist  up  to  24  hours,  and  do  not  require  treatment. 

Most  of  the  other  -X  experiment  related  symptoms  and  signs  concerned  the  musculoskeletal  system  other 
than  the  neck.  This  incidence  is  much  lower.  Excluding  neck  symptoms,  complaints  of  lumbosacral  area  pain, 
soreness,  stiffness  and  limitation  of  motion  were  the  most  common,  especially  as  the  peak  sled 
accelerations  approached  16G.  The  duration  of  these  symptoms  ranged  from  a  few  moments  to  as  long  as  24 
hours.  There  were,  however,  no  delayed  symptoms.  In  other  words,  if  a  symptom  occurred,  it  occurred  with 
impact,  and  not  later.  This  point  is  of  some  slgnif  ica.ice  when  compared  to  the  +Y  and  -X+Y  experiments 
presented  below. 
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Figure  11 

.  Incidence  of  -X  Impact  experiments  with  volunteers 
reporting  neck  symptoms. 

The  symptoms  and  signs  reported  from  the  volunteers  resulting  from  +Y  impact  experiments  are 
predominantly  headache  and  neck  related  complaints.  This  is  analogous  to  the  findings  for  -X  experiments. 
The  incident  rates  are  presented  (Fig.  12  and  13).  However,  there  are  major  differences.  For  long  duration 
experiments,  the  threshold  for  a  significant  rate  of  headache  and  neck  symptoms  is  about  10G  for  -X 
experiments  and  6C  for  +Y  experiments.  However,  it  has  been  previously  reported  (8,  19)  that  the 
acceleration  peak  at  T,  was  much  higher  for  +Y  experiments  than  for  -X  experiments  at  any  given  sled 
acceleration.  This  is  due  to  the  rigid  right  side  restraint  for  the  +Y  experiments  which  caused  higher 
acceleration  at  T.  than  in  -X  experiments  at  the  same  sled  acceleration.  The  lower  sled  acceleration 
threshold  for  significant  symptom  rate  in  the  +Y  experiments  is  explained  by  this  difference  in  restraint. 
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Figure  13.  Incidence  of  +Y  impact  experiments  with  volunteers 
reporting  headaches.- 


The  quality  and  localization  of  the  headache  and  neck  symptoms  is  vector  dependent.  Delayed  onset 
headaches  are  usually  persistent.  Similarly,  the  neck  symptoms  are  often  delayed  in  onset  and  almost  always 
on  the  left  side  of  the  neck  in  the  area  or  maximum  extension  of  the  neck.  Also,  "neck  popping"  occurs 
frequently,  and  is  noted  at  impact  and  without  sequelae  post  run.  This  symptom  has  never  been  reported  for 
-X  experiments. 

There  was  one  volunteer  who  was  dropped  from  the  program  because  of  neck  symptoms  as  a  result  of  a  +v 
experlmert.  Volunteer  H067  sustained  electric  type  sensation,  tingling  and  then  numbness  of  the  right  arm 
and  shoulder.  The  peak  sled  acceleration  level  was  6.2G.  This  volunteer  was  very  experienced  and  had  prior 
exposure  up  to  7.5G  in  this  direction.  The  most  dramatic  symptom  lasted  only  a  second  or  two  and  was 
gradually  replaced  by  minor  discomfort  in  the  right  neck  area  lasting  9  days.  Detailed  examinations  by  a 
neurosurgeon  were  completely  normal  except  that  volunteer  carried  his  head  slightly  tilted  toward  his  right 
shoulder.  This  postural  variation  predated  his  volunteer  service.  It  was  finally  concluded  that  a  postural 
facet  syndrome  existed  which  became  manifest  Indicating  in  retrospect  that  he  should  not  have  been  used  as  a 
volunteer.  This  was  confirmed  by  orthopedic  followup  several  months  later. 

Three  volunteers  had  unique  signs  and  symptoms  in  the  *Y  vector  related  to  body  phys4que.  Volunteer 
H097  because  of  size  would  routine?  y  bump  his  right  thigh  and  ankle  upon  impact  against  the  rigid  lateral 
restraint  board.  Volunteer  H078  because  of  bony  prominence  of  spinous  processes  and  elbow  would  have 
soreness  of  these  areas  on  Impact,  and  also  soreness  under  the  T,  mount.  Volunteer  HJ96  had  frequent 
discomfort  in  the  thoracic  spine  area  from  T^  to  T^.  This  could  *be  related  to  mild  thoracic  scoliosis  in 
this  area. 
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Relatively  Infrequent  complaints  that  appear  to  be  related  to  the  restraint  system  are  (1)  soreness  of 
left  shoulder  from  the  snoulder  restraint,  (2)  sore  right  neck  from  T,  strap,  (3)  soreness  in  right  thigh, 
shoulder,  atm,  and  elbow  from  the  lateral  board  restraints,  (A)  abrasion  of  left  am  from  metal  buckles  of 
the  chest  strap  system,  and  (5)  soreness  on  Impact  at  site  of  ECG  electrode  placement. 

The  Incidence  of  -X+Y  experiments  In  tdiich  the  volunteers  experienced  headache  or  neck  symptoms  Is 
presented  (Fig.  14  and  15).  The  Incidences  are  comparable  to  that  for  +Y  experiments.  This  Implies  that 
the  T.  and  head  loading  was  at  comparable  levels  for  this  direction.  However  the  kinematic  data  analysis  of 
the  -X+Y  experiments  Is  Incomplete.  It  should  be  noted  that  -X+Y  experiments  were  executed  at  higher  levels 
than  +Y  experiments.  In  the  +Y  experiments  the  levels  were  limited  In  order  to  avoid  experiments  in  uhiih 
head  strikes  against  the  right  shoulder  rigid  restraint  might  have  occurred. 
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Figure  1<».  Incidence  of  -X+Y  impact  experiments  with  volunteers 
reporting  neck  symptoms. 
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Figure  15.  Incidence  of  -X+Y  impact  experiments  with  volunteers 
reporting  headache. 
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More  than  half  of  the  neck  symptoms  reported  for  -X+Y  experiments  ware  delayed  in  o  iset  to  a  greater 
degree  than  +Y  or  -X  experiments.  A  minimum  of  12  to  24  hours  is  required  to  evaluate  any  delayed  onset 
symptoms.  One  volunteer  sustained  a  strain  of  left  posterior  cervical  soft  tissue  and  interarticular 
ligaments  with  traction  or  compression  of  the  posterior  nerve  roots  C5  through  C-.  This  resulted  from  a 
-X+Y  experiment  at  7G  in  the  LOLO  condition.  Symptoms  did  not  resolve  completely  until  10  days  post 
experiment.  X-rays  and  bone  scan  were  normal.  During  a  3-month  followup  there  was  no  recurrence  of 
symptoms.  No  underlying  condition  was  implicated  in  this  case. 

Alterations  of  the  electrocardlogran  also  occurred.  These  findings  are  primarily  bradycardia, 
suppression  of  the  sinoatrial  uode,  intraventricular  conduction  abnormalities,  and  minor  T  wave  changes. 
All  the  electrocardiographic  abnormalities  returned  to  baseline  within  3  minutes  post  run.  A  single  case  of 
evolved  EKG  changes  to  suggest  myocardial  contusion  has  been  reported  in  detail  (17). 

Incidence  of  experiments  with  VCG  changes  for  -X  was  72/2 0/  (35%),  for  +Y  115/730  (16%),  and  for  -X+Y 
39/307  (13%).  The  detailed  analysis  of  the  significance  of  these  findings  is  under  investigation.  Case 
reports  from  impact  experiments  have  been  previously  reported  (17,  20). 

Skin  abrasions  also  occurred  rather  infrequently,  and  these  were  always  due  to  the  restraint  system. 
None  of  the  skin  lesions  persisted  for  more  than  a  few  days. 

Another  problem  which  is  directly  related  to  the  restraint  system  was  syncope.  These  episodes  usually 
occur  with  a  newly  qualified  volunteer  on  his  first  or  second  fully  instrumented  run.  A  7.5cm  wide 
circumferential  chest  strap  is  used  to  aid  in  maintaining  the  T^  neck  mount  in  place.  This  strap  is  tightly 
applied  and  definitely  limits  chest  expansion,  thus  interfering  with  respiration.  The  lap  belt,  inverted  V 
restraint,  when  tightened,  restricts  venous  return  from  the  legs.  The  shoulder  straps  restrict  venous 
return  frcm  the  arms.  In  combination,  these  straps  effectively  impede  both  circulating  blood  volume  and 
pulmonary  gas  exchange,  predisposing  the  volunteer  to  syncope  under  the  additional  stress  of  his  first 
experiment.  The  newly  qualified  subject,  after  one  of  these  unpleasant  episodes,  learns  how  to  breathe 
diaphragmatically,  and  in  each  case,  is  able  to  adapt  to  the  stress,  so  that  only  four  volunteers  had  more 
than  one  such  syncopal  episode.  There  were  18  pre-run  syncopal  episodes.  The  attending  medical  officer 
aborted  the  experiment  in  each  case.  No  volunteer  was  ever  impacted  tdiile  syncopal.  One  of  these  cases 
resulted  in  5  seconds  of  asystole  (Fig.  16).  No  injury  resulted,  since  the  subject  was  removed  from  the 
restraint  and  instrumentation  devices  within  60  to  90  seconds.  However,  he  was  disqualified  because  of  lack 
of  nodal  escape  mechanl an . 

Eleven  instances  of  syncope  occurred  after  impact.  In  seven  of  these,  the  sled  peak  acceleration  was 
over  10G,  with  three  at  loG.  These  episodes  occurred  in  well  seasoned  volunteers,  and  thus  must  be  due  to 
these  highly  stressful  experiments.  As  with  the  pre-run  syncope,  each  subject  was  speedily  removed  from  the 
sled,  recovery  was  rapid,  and  no  injury  resulted.  Virtually  all  the  syncopal  attacks  to  date  occurred  in 
the  -X  configuration  with  only  three  in  the  +Y  and  none  in  the  -X+Y  series.  Of  the  three  syncopal  attacks 
in  the  +Y  experimental  series,  two  occurred  pre  impact  and  one  occurred  one  minute  post  run.  No  problems 
were  noted  after  the  volunteer  was  taken  out  of  the  restraint  system  and  the  mounts  removed. 

DISCUSSION  AND  CONCLUSIONS 

The  clinical  findings  have  been  presented  and  analyzed  by  vector  direction,  sled  acceleration  peak  and 
duration.  Those  findings  which  are  run  related  and  due  to  inertial  loading  of  the  head  and  neck  are 
primarily  headache  and  neck  strain.  Mos+  headaches  occured  promptly  and  scxne  were  of  delayed  onset.  Two 
cases  of  neck  strain  were  sufficiently  severe  to  warrant  removal  of  the  volunteers  from  further 
experimentation.  The  quality  of  the  neck  symptoms  is  markedly  different  depending  on  vector  direction. 
This  conclusion  must  be  qualified  with  the  understanding  that  the  head  and  neck  Inertial  loading  is  much 
more  severu  in  +Y  experiments  than  in  -X  experiments  for  a  given  sled  acceleration  peak  and  duration..  This 
is  due  to  the  sideboard  restraint  used  in  the  +Y  experiments  that  increased  the  Tj  and  head  response  for  a 
given  sled  acceleration  above  that  seen  for  -X  experiments  (8,  19)  .  The  transition  levels  £roro  transient 
symptoms  to  injury  to  permanent  damage  in  humans  are  unknown.  However,  experiments  with  baboons  (Papio 
anubis)  (21)  and  rhesus  monkeys  (Macaca  mulatta)  (22,  23)  indicate  structural  failure  of  the 

atlanto-occipital  articulation  for  -X  experiments  between  100G  and  120G  on  the  sled.  An  experimentally 
based  estimate  of  injury  limits  for  man  is  under  study  by  means  of  measuring  transient  neurophystolgical 
response  of  the  Macaca  at  the  lower  sled  acceleration  levels  (24,  25). 

Important  cardiac  changes  have  been  previously  discussed  (17).  They  are  attributed  to  inertial  loading 
of  the  heart  and/or  inertial  loading  the  vascular  and  neurological  structures  of  the  head  and  neck.  This 
results  in  extensive  vagal  response  previously  demonstrated  by  Taylor  (20).  These  changes  al„o  are  related 
to  the  post  experimental  syncopal  episodes. 

Other  findings  are  not  systematically  related  to  the  inertial  response.  They  exhibited  wide  variation 
and  type  or  are  unique  to  the  physique  of  individual  volunteers,  particularly  as  related  to  fit  in  the 
restraint  system. 
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Figure  16.  Pre-experiment  episode  of  asystole  and  syncope.  Experiment  #LX1063  planned  for -X,  10G,  LOLD 
halted  8  seconds  prior  to  asystole  due  to  clinical  condition  of  volunteer. 
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Guidarce  and  control  and  pilot  operation  have  a  number  of  characteristics  *  it  are 
common  in  that  both  behave  according  to  basic  control  and  information  theory  ar...,  in  many 
cases,  are  equally  descrlbable  by  similar  analytical  methods.  It  was  on  the  basis  of 
this  similarity  that  the  terminology  cybernetics  was  initially  created.  The  first  appli¬ 
cation  of  guidance  and  oortrol  to  aircraft  was  Dr.  Elmer  Sperry's  automatic  stabilizer, 
-ater  called  auto  ,  _ot,  for  which  he  received  a  50,000  French  franc  prize  in  1914  for 
the  most  stable  and  safest  aircraft.  His  main  purpose  in  developing  this  system  was  to 
provide  a  mechanism  to  relieve  the  pilot  from  the  detailed  task  of  continually  stabiliz¬ 
ing  the  vehicle  and  tnereby  making  it  a  useful  machine.  Figure  1  is  a  functional  diagram 
of  this  system  which  illustrates  soma  of  the  basic  feedback  principles  involved.  To 
provide  some  background  fo'-  later  discussions,  the  following  will  discuss  some  of  the 
characteristics  oi  the  human  operator  and  their  similarity  to  guidance  and  control 
functions^ .  The  operator's  characteristics  as  a  controller  depend  on  four  kir-ds  of 
variables:  control  task  variables,  which  include  the  system  inputs  and  all  the  system 
elements  external  to  the  operator;  environmental  variables  such  as  ambient  illumination, 
temperature,  vibration,  etc.;  operator-centered  variables  such  as  training,  fatigue, 
mcoi"atlon;  and  procedural  variables  such  as  Instructions,  practice,  order  of  presenta¬ 
tion  relating  to  a  given  cask.  When  these  variables  are  essentially  time  stationary  or 
invariant  over  an  interval  of  interest,  the  operator  vehicle  system  can  be  modeled  as  a 
quasi-li near  system  much  the  same  as  standard  servo  loops. 
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Figure  2  tends  to  illustrate  some  of  these  relationships  showing  that  the  major  part  of 
the  human  operator  problem  is  really  one  of  observability  and  controllability,  and  the 
fact  that  one  of  his  major  tasks  is  the  integration  of  all  the  information  available  and 
attempting  „o  determi’  e  the  strategy  or  control  aspects  that  best  satisfies  th”  objec¬ 
tive  of  the  mission  task  co  be  achieved. 


The  fundamental  aspects  of  manual  vehicular  control  theory  can  be  briefly 
summarized  as  follows,; 

a.  To  accomplish  guidance  and  control  functions,  such  as  flying  a  desired 
shack  i.i  the  presence  of  disturbances,  maintaining  position  control  as  in  formation, 
terrain  following  or  refueling,  and  flying  intercepts  or  approaches,  the  human  ope’-ator 
structures  a  variety  of  closed  loops  about  tne  vehicle  to  achieve  the  control  actions 
and  functions  desired  in  terms  of  actual  vehicle  motions  and  flight  path. 

b To  be  satisfactory,  these  closed  loop  systems,  which  include  both  active 
and  passive  elements,  must  share  certain  of  the  dynamic  characteristics  of  a  good 
,‘losed-loop  control  and  stabilization  system.  As  the  adaptive  element  to  accomplish 
this  end,  the  pilot  must  make  up  for  any  dynamic  deficiency  of  the  system  by  appropri¬ 
ate  adjustment  of  its  dynamic  properties.  This  is  the  terminology  that  was  referenced 
■3  integration  ir  the  form  of  Figure  2. 

c.  The  cost  of  this  acji stmer.t  is  fundamentally  workload  and  can  consist  of 
stress,  which  includes  vibration,  hazards,  and  environment,  concentration  of  operator 
facu1ties  on  the  mission  task  dynamics,  and  the  capability  to  cope  with  tne  unexpected. 
This,  then,  illustrates  why  there  Is  a  close  relationship  between  guidance  and  control 
and  pilot  workload  in  that  the  guidance  and  control  systems  can  be  implemented  and 
designed  to  reduce  many  of  the  normal  pilot  operator  functions  as  well  as  defining  the 
true  Information  or  states  recuired  for  the  pilot  to  execute  his  mission.. 

To  illustrate  some  of  the  tr  nds  and  history  of  guidance  and  control  o -er  the  past 
few  decades,  the  next  slide  (Figure  3)  Illustrates  briefly  what  these  guidance  and 
control  technology  trends  are..  It  summarizes  some  of  the  transitions  that  have  occurred 
over  the  past  two  and  a  naif  oecades,  beginning  with  the  '^Os^..  But  most  significantly, 
it  illustrates  two  tasic  trends-  the  first  is  the  increase  in  guidance  and  contrcf 
functions  and  requirements;'  tne  second  is  the  progression  from  vehicle  tc  weapon  systems 
into  what  we  now  call  air  warfare  systems  Dui  ing  the  early  19:0s,  the  trend  was 
predominately  vehicle  oriented  in  term?  of  stability  augmentation  systems  to  improve  the 
response  in  control  characteristics.  This  was  followed  by  closea-loop  terrain  following 
systems  to  improve  adverse  weather,  low  altitude  performance  in  safety  aspects  of  the 
system.  Adantive  system  concepts  became  operational  in  t hr.  P-111.  These  concepts,  which 
have  been  discussed  extensively  In  other  publications,  contributed  suostantially  to  the 
current  modern  control  theory  and  technology.  Ac  a  sideline,  a  seldom  recognized  fact  is 
that  the  Kalman  filtering  theory  was  a  direct  outgrowtv  of  the  theoretical  work  under¬ 
taken  to  describe,  analyze,  and  design  adaptive  systems. 

Emergence  of  fly-by-wire  technology  in  various  forms  became  evident  during  the  early 
1960s  with  fly-by-wire  spoiler  controls  or.  the  F-lll  and  the  electronic  flight  control 
on  the  French  MIRAGE.  Increased  use  of  inertial  sensors  and  navigation  systems  to  augment 
vehicle  of  flight  path  control  for  reducing  landing  minimums,  and  improve  interaction 
with  area  navigation  and  advanced  air  traffic  control  concepts  during  the  early  1960s, 
represents  initial  steps  In  the  functional  integration  for  increased  performance  and  work¬ 
load  reduction.  During  the  mid-1960s,  the  benefits  of  feedback  control  could  offer  in 
alleviating  structural  fatigue  problems  and  turbulence  sensitivity  were  recognized. 

This  work  culminated  in  the  application  of  maneuver  load  control  and  sc rue cure  load 
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control  to  alleviate  turbulence  induced  fatigue  problems,  and  improve  crew  ride  quality 
in  the  B-l  and  other  systems.  Progressing  into  the  early  1970s,  the  MRCA,  the  Swedish 
Viegin,  French  Concorde,  the  F-l6,  and  YC-l*)  designs  witnessed  incorporation  of  side- 
stick  controllers,  electronic  displays,  increased  emphasis  on  digital  techniques, 
control  and  propulsion  system  dynamic  interaction,  direct  lift  control,  ride  control, 
and  relaxed  static  stability,  all  of  which  were  made  possible  through  implementation  of 
emerging  technology. 

In  looking  toward  the  future  of  air  warfare  systems,  the  impact  that  command  and 
control  and  communications  will  have  on  the  vehicle  guidance  and  control  in  terms  of 
tactical  control  is  significant.  This  need  generates  another  guidance  and  control 
dynamics  loop  which  dictates  substantial  dynamic  and  functional  interaction  to  provide 
the  desired  operational  capability.  The  time-space  positioning  capability  permitted 
through  accurate  position  fixing,  employing  advanced  navigation  systems,  and  the  cnboard 
vehicle  trajectory  control  permits  the  implementation  of  the  command  and  control  func¬ 
tion  to  marshal  forces  for  tactical  deployment  and,  also,  offers  a  means  for  redirect 
capabilities. 

The  six-degree-of-freedom  control  proj  acted  through  active  control  technology 
permits  design  freedom  and  tactical  capabilities  unavailable  heretofore  other  than  in 
specialized  rotary  wing  configurations.  These  capabilities  have  stimulated  application 
of  modern  control  theories  involving  strategies,  differential  gaming,  to  determine  means 
that  can  provide  optimum  trajectories  and  tactical  options  to  increase  weapon  delivery 
accuracy  and  minimize  pilot  workload . 

With  this  brief  overview  in  projection,  let's  examine  advances  in  guidance  and 
control  to  determine  how  they  can  be  employed  to  reduce  pilot  workload,  particularly  in 
the  low  altitude,  high-speed  regime.  A  considerable  amount  of  work  has  been  performed 
on  the  application  of  stabilization  systems  to  reduce  pilot  workload.  However,  the 
majority  of  these  systems  have  net  reduced  the  pilot  workload  to  any  large  degree 
because,  in  most  cases,  they  introduced  unconventional  methods  of  control  which,  in 
themselves,  created  a  learning  problem’.  The  learning  of  these  new  control  techniques 
aggrevated,  in  many  cases,  the  workload  problem.  Also,  many  of  these  developments 
concentrated  primarily  on  the  control  aspects  ignoring  the  information  display  aspects 
which  provides  the  necessary  information  for  the  pilot  to  act  as  a  closed-loop 
controller. 

The  problem  associated  with  combining  guidance  ard  control  systems  or  automatic 
systems  with  pilot  operation  is  the  mechanism  of  pilot  interaction.  This  is  somewhat 
analogous  to  the  cruise  control  on  an  automobile  which  works  perfectly  for  cruising  on 
a  highway;  its  use  in  traffic,  however,  involves  a  tremendous  amount  of  switching  and 
othe"  unconventional  manipulation.  In  terms  of  control,  the  first  attempt  to  solve  some 
of  these  problems  was  control  wheel  steering  wherein  a  switching  or  sensor  mechanism  on 
the  wheel  or  stick  was  employed  to  sense  applied  force  by  the  pilot  in  a  normal  manner, 
deactivating  some  of  the  stabilization  modes  of  the  system  and,  thus,  restore  normal  air¬ 
craft  maneuvering  response.  This  proved  successful  to  a  degree  but  the  fundamental 
control  laws  involved  were  for  stabilization,  and  the  limited  authority  of  the  system 
made  it  extremely  restrictive  and  added  to  the  pilot  workload  rather  than  easing  it.  A 
more  successful  approach  was  the  command  augmentation  system  design.  This  is  illustrated 
in  Figure  *4  and  shows  the  requirements  and  characteristics  involved,  the  typical  repre¬ 
sentation  of  the  system  and,  finally,  the  basic  issues  involved.  The  command 
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augmentation  system  provided  a  means  for  enhancing  the  stabilization  properties  of  the 
vehicle  without  deteriorating  the  maneuvering  performance  while  at  the  same  time  provided 
an  input  and  control  law  capability  that  made  the  vehicle  behave  ii  a  manner  that  was 
very  desirable  from  the  handling  qualities  standpoint.  This  was  successful  for  the 
traditloi.al  up-and-away  and  some  precision  tasks  such  as  approach  and  landing;  however, 
for  certain  weaoon  delivery  or  mission  functions,  the  general  control  laws  were  proven 
inadequate.  Further  control  analysis  and  flight  research  experience  indicated  that  an 
approach  termed  task-oriented  control  laws  wherein  the  control  characteristics  of  the 
vehicle  are  deliberately  configured  to  provide  precision  control  and  performance  for 
that  particular  mission  would  be  a  solution.  These  have  eliminated  many  of  the  problems 
of  integrating  the  pilot  with  the  control  system  and  are  proving  very  successful,  and 
Indicate  that  the  vehicle  control  aspect  of  the  problem  is  solvable  employing  guidance 
and  control  design  technology.  As  stated  earlier,  the  other  aspect  of  pilot  workload  is 
information  integration  and  how  the  pilot  interacts  with  the  new  mission  functions  that 
are  becoming  information  dominated  as  the  complexity  of  the  mission  increases.-  This  has 
resulted  in  a  design  change  toward  electronic  display  techniques  that  can  be  made  multi 
functional  and  are  more  amenable  to  alphanumerics  and  graphic  symbology  .  One  such 
configuration  is  shown  in  Figure  5  and  illustrates  a  multi-function  array  using  elec¬ 
tronic  cathode  ray  tubes.  This  approach  permits  the  selection  and  presentation  of 
necessary  information  to  perform  the  function  while  at  the  same  time  subduing  some  of 
the  related  information  thereby  reducing  clutter.  However,  one  of  the  basic  problems 
with  this  approach  is,  how  can  the  pilot  interact  with  the  display  in  order  to  make  it 
natural  and  harmonious?. 
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Research  activity  in  this  area  of  attempting  to  better  achieve  the  more  harmonious, 
or  blended  system  design,  is  typified  in  Figure  6  which  illustrates  in  general  form  both 
the  nature  and  characteristics  of  the  problem.  This  is  intended  to  show  that,  character¬ 
istically,  we  have  worked  in  the  vertical  plane  which  consists  of  the  vehicle,  the  pilot 
and  advances  in  basic  control  elements  without  really  considering  the  horizontal  aspects 
or  mission  function.  This  approach  stresses  the  need  to  look  across  in  terms  of  sensor, 
the  vehicle,  and  mission  functions,  or  kill  mechanism,  thereby  illustrating  the 
dominance  of  information  and  its  role  in  the  mission  and  system  design.  This  now 
addresses  an  integration  function  and  the  need  to  provide  a  capability  to  integrate  the 
pilot,  the  vehicle,  and  the  mission  into  a  harmonious  set.  The  results  of  this  research 
work  has  lead  to  an  approach  called  flight  management  systems  wherein  a  deliberate 
attempt  is  being  made  to  define  approaches  and  implementation  that  *ixll  make  the  system 
more  easily  controlled  through  task-oriented  control  laws  and,  at  the  same  time,  provide 
to  the  crew  the  necessary  information  which  is  harmonious  with  control  laws  to  achieve 
this  mission  function.  Some  of  these  are  displayed  on  Figures  7  and  8,  which  illustrate 
a  basic  crew  configuration  used  for  discriminatory  purposes.  As  you  can  see  in  the  chart, 
through  the  use  of  color  the  identification  time  is  drastically  reduced.  A  specific 
experiment  in  this  area  indicated  about  50  percent  reduction  in  identification  time. 


BLENDED  SYSTEM  DESIGN 

(INTEGRATED  CONTROL  DESIGN  TECHNOLOGY) 


FIGURE  6. 
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The  next  section  now  will  stress  specific  problems  associated  with  low  altitude, 
high  speed  environment.  The  principle  factors  involved  in  low  altitude,  high  speed 
operation  are: 5  The  physical  environment,  turbulence,  vibration,  and  fatigue;"  the 
seeona  is  vehicle  integrity  and  responsive  characteristics.  From  the  vehicle  standpoint, 
the  pilot  is  always  concerned  about  vehicle  stability,  safety  In  terms  of  controllabil¬ 
ity/control  performance,  degradation,  and  visual  environment;  if  it's  night  and  adverse 
weather,  the  reliability  of  sensors  that  provide  synthetic  vision  needs  such  as  radar  or 
low  light  TV.  And  finally,  their  concern  over  the  overall  hazards  and  vulnerability 
aspects  while  in  this  low  altitude  environment  when  vehicle  vertical  and  horizontal 
positioning  becomes  critical.  The  next  chart.  Figure  9,  illustrates  an  analysis  that 
was  performed  which  tends  to  show  how  stress  levels  increase  as  proximity  to  the  ground 
is  approached  or  when  a  target  is  approached  in  a  highly  concentrated  environment^.  In 
terms  of  the  turbulence  or  vibration  environment,  the  following  chart.  Figure  10,  shows 
a  tolerable  and  intolerable  region  in  terms  of  exposure  time  in  minutes  and  vertical 
acceleration  which  illustrates  for  short  periods  of  time  a  relatively  high  level  of 
vertical  acceleration  can  be  tolerated  but  as  exposure  time  increases  the  tolerance 
region  drastically  reduces.  Similarlly,  one  of  the  problems  with  this  region  of  flight 
is  that  the  higher  rms  accelerations  increase  the  difficulty  to  read  instruments  or  to 
provide  precise  tracking  because  the  pilot  is  unable  to  discern  whether  the  vehicle 
disturbance  is  due  to  turbulence  or  due  to  failures  in  the  system'.  Similarlly,  It  is 
Interesting  to  note  that  frequently  the  major  cause  of  the  acceleration  at  the  pilot 
station  is  body  bending  modes  for  structural  elasticity.  It  Is  also  Interesting  to  note 
that  the  frequencies  that  occur  with  this  structural  mode  also  tend  to  coincide  with 
internal  organ  frequencies  of  the  human  body,  thus  making  it  more  fatiguing  and  less 
tolerable. 


FIGURE  9.  WORKLOAD  ANALYSIS 


From  the  guidance  and  control  standpoint,  have  taken  approaches  whereby  through 
structural  mode  compensation  and  ride  control  characteristics  such  as  employed  on  the 
b-1  and  also  shown  on  the  next  figure,  #11,  a  B-52,  a  means  whereby  accelerations  at  the 
pilot  station  can  be  reduced  and  thereby  improve  the  environment  and  operation  at  low 
altitudes8.  The  second  area  of  concern  is  that  of  vehicle  precision  control  and  accu¬ 
rate  positioning  at  low  altitudes.  Several  approaches  have  been  investigated  recently 
relative  to  this;  one  that  appears  to  be  of  extreme  interest  is  the  activity  referred  tc 
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the  pilot  can  continually ^bserve'his  sltuatiofandT  the  visual  environment  such  that 
beneath  him  without  having  to  concentrate  on  characteristlcs  of  the  terrain 

to  this  has  been  the  flight  management  svst2m  wh^H  K1S  01  *he  actlvlty-  An  approach 
but  similar  approaches  have  bee-fflcwn  as  I  will^how3?  ?0t  be^  flown  to  any  degree , 
application  of  color  to  synthesizlnf^fmaw  e  latar\  The  keY  to  this  U  t”e 

these  on  a  horizontal  situation  display  such  as  ehownfn^i hC  teVfain  and  overlaying 
can  continually  observe  his  vertical  and  hori™nf=?  ?  ?  Figure  1R,  wherein  the  pilot 

and,  also,  observe  the  variations  in  terrain  during  e  °Ve?  the  terrain  beneath  him 
other  hazards  can  also  be  illustrated  ™  g  £llght-  In  addition,  threats  or 

the  pilot  can  fly  manually  or  the  system  autLatlef?  ?UPS  Can  **  Pro>cted  such  that 

circumvent  these  hazards.  In  general  althUnewwf1^11?  Senerate  a  trajectory  to 
guidance  and  control  activity  that  can  re^e^EJoa  6*1 th?  I  ^  brlef  Synopsis 
that  knowledge  and  fundamental  technologies  “are  available  ^/OU  can  now  observe 
next  step  is  developing  some  of  the  analytical address  this  problem.  The 
already  performed  as  shown  on  the  followi!*  rhaef  h^QUeS  ^pltallzlnE  on  those  we  have 
total  standpoint  the  area  of  pilot  workload  uslnfmedfif*  fc°  address  **om  a  more 
controllability/observability  principle*  can  be  fnnii con-'ro1  theory  whereby  the 
ties  to  various  states  and  identification  of  a  manner  such  that  sensitivi- 

readily  applied.  This  nex*  chart!  pf^re  16  lllutt be  presented  that  oan  be 
futuristic  cockpit  to  look  and  pr^vidf^what  we  fee?  if  hoW  W®  perceive  the 
visibility  at  low  altitude.  feel  is  a  one-man,  night  all-weather  low 
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SUMMARY 

The  detection  performance  of  a  black-and-uhite-TV  operator  In  real  time  reconnaiaaance 
misalons  is  determined  by  the  parameters  of  the  RPV-eystem,  the  scene,  and  the  task.  A 
series  of  6  experiments  uas  performed  uith  19  untrained  subjects  ui.o  had  to  finfl  military 
vehicles  in  static  ground  scenes  displayed  on  a  TV  screen.  The  scenes  were  presented  only 
shortly, for  1  to  10  secs.  This  corresponds  to  a  speed  of  about  50  to  500  km/h  at  a  nonover¬ 
lapping  frame  rate.  The  subjects  pointed  to  located  targets  uiith  a  light-pen.  Analysis  of 
variance  indicate  that  the  detection  rate  is  Influenced  by: 

-  scene  parameters  uhich  constitute  the  conspicuity  of  a  target  in  a  natural  scene, 
such  as  global  context,  contrast  and  local  context 

-  short  presentation  times  of  less  than  3  secs 

-  system  parameters  such  as  resolution  and  image  segmentation 

-  number  of  targets.  Detection  rate  decreases  if  the  task  is  to  mark  all  targets  and 
detection  rate  increases  if  the  task  is  only  to  indicate  those  acenss  uhich  contain 
at  least  one  target. 

The  false  alarm  rate  decreases  uith  the  number  of  sessions  the  subjects  took  part  in 
and  uas  finally  at  lou  level.  Taking  the  confidence  level  expressed  into  account  proved  to 
Increase  the  detection-false  alarm  ratio  remarkably.  Search  times  uere  nearly  equal  to 
presentation  times  from  1  to  5  secs  only.  The  search  times  for  the  50  %  detection  rate 
decreased  from  4  secs  in  the  first  experiment  to  2  secs  in  the  last  one.  Questionnaires 
uere  filled  in. 


1.  INTRODUCTION 

The  performance  of  a  TV  operator  is  of  groulng  interest  because  of  military  demands 
for  air-to-ground  reconnaissance  by  remotely  piloted  vehicles  (RPV)  under  real  time  condi¬ 
tions.  Investigations  of  real  time  reconnaissance  by  a  TV  operator  is  a  complex  task  because 
there  are  many  parameters  out  from  different  parameter  groups  (Table  1).  The  scene 
parameters  make  up  the  contents  of  the  image.  System  parameters  comprise  the  flight  and 
screening,  transmitting  and  presenting  of  the  TV  data.  Operator  parameters  are  characteri¬ 
stics  of  the  TV  operator.  Some  arbitrary, task  variables  can  be  also  attached  to  this 
group.  Parameters  of  all  categories  are  interrelated  in  a  complex  uay.  There  are  many 
studies  about  the  cited  parameters.  Some  of  them  are  quoted  in  the  last  column  of  Table  1. 

In  RPV  reconnaissance  missions  the  operators  have  to  interprete  the  transmitted  data 
on-line.  High  speed  and  lou  level  flight  is  a  military  demand  for  RPV.  Therefore,  vieulng 
time  had  to  be  limited  in  our  experiments  uith  static  scenes.  Ue  studied  only  the  detection 
not  the  identification  performance. 

Investigating  the  search  process  researchers  present  more  and  more  natural  scenes 
because  they  recognized  that  structure  and  meaning  of  natural  scenes  affect  the  strategy 
and  performance  of  the  observer /I/ -/3/.  It  is  insufficient  e.  g.  to  specify  a  line 
resolution  for  50  %  detection  rate  if  one  does  not  specify  the  territory  too  from  uhich 
experimental  scenes  uere  taken.  In  order  to  study  the  importance  of  the  target  surroundings 
ue  '  eluded  variations  of  context  in  our  experiments.  One  must  differentiate  betueen 
imm..  .late  and  total  surroundings  (local  and  global  context). 

For  high  presentation  rate  cf  different  scenes  the  speed  of  processing  of  visual 
information  is  a  limiting  factor  in  real  time  reconnaissance,  anyhou.  It  can  be  therefore 
assumed  that  the  number  and  the  configuration  of  targets  play  an  important  role  for 
detection  performance.  For  this  rerscr.  •_•£.  investigated  t^ese  parameters. 

There  are  several  aids  for  target  detection,  e.  g.  scene  arrangements  uhi-jh  improve 
the  search  strategy.  The  question  had  to  be  ansuered  if  image  partitioning  facilitates 
the  target  detection  or  not. 


2.  METHODS 

PARAMETERS 

Ue  investigated  the  parameters  of  Table  2  in  6  experiments.  Different  line  resolutions 
uere  realized  by  presenting  scenes  uith  sizes  reduced  to  different  levels  on  the  monitor. 

The  vieulng  angle  uas  kept  constant  thereby  (Experiment  2).  Manipulating  the  video  signal, 
sections  of  the  image  uere  ccncelled  (Image  segmentation.  Experiment  3).  The  contrast 
variation  uas  carried  out  by  taking  advantage  of  the  different  model  reflection  coefficients 
and,  additionally,  by  painting  the  vehicles  uith  different  colours,  i.  e.  different 
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reflection  coefficients  (Experiment  4).  The 
configurations  were  divided  into  linear  and 
random  ones  with  contrast,  approximate  posi¬ 
tion  and  range  being  the  same  (Experiment  5). 
Local  context  was  defined  as  structural 
camouflage  of  the  targets  within  their  immediate 
surroundings.  Level  1  of  local  context  was 
structural  similarity  between  target  and 
immediate  surroundings  (e.  g.  a  vehicle  being 
parallel  to  the  nearby  street)  or  proximity 
between  them  (e.  g.  a  vehicle  close  to  a  bush). 
Level  2  was  the  reverse  of  level  1  (vehicle  and 
street  at  an  angle  of  30  -  60°  or  a  distance  of 
several  meters  between  them,  Experiment  5).  The 
number  of  targets  waB  altered  by  presenting 
1  scene  at  4,  2  scenes  at  2  or  4  scenes  at 
1  target.  Scenery  and  positions  were  the  same 
at  all  levels  of  target  number  (Experiment  6). 


SCENES 

Static  scenes  were  taken  as  slides  from 
a  1:67  terrain  model  with  4  summer-sceneries: 
forest,  meadow,  soil,  village  (Figure  1).  A 
scene  consisted  of  one  of  these  sceneries  and 
covered  a  ground  area  of  130  x  130  meters  at 
a  simulated  altitude  of  300  meters  with  vertical 
aspect  angle.  The  slides  were  taken  from 
diffusely  illuminated  scenes.  The  targets  were 
military  vehicles  of  4  types:  2  different  types 
of  tanks,  2  different  types  of  trucks.  A  scene 
contained  0-5  targets  at  a  target  uncertainty 
of  50  %.  The  targets  were  positioned  according 
military  demands. 


APPARATUS 

The  slides  were  either  scenes  or  a  neutral 
pause  picture.  Tlv  y  were  scanned  by  a  TV  camera 
and  presented  on  a  standard  625-line  television 
with  38  cm  screen  size.  The  viewing  distance  of 
the  operator  wbs  controlled  by  means  of  a  head¬ 
rest.  The  viewing  angle  wbs  about  20°  (except  in 
experiment  5  where  the  visual  Bngle  of  target 
was  examined).  The  subjects  marked  each  detected 
target  with  a  light  pen  and  then  switched  off 
the  scenes  by  pushing  a  button.  A  timer  was 
stopped  in  order  to  get  the  search  time. 

SUBJECTS  AND  PROCEDURE 

To  examine  the  9  parameters  of  Table  2  a 
series  of  6  experiments  with  1,  2  or  3  factors 
was  performed  with  19  untrained  male  subjects. 
The  subjects  were  schoolboys  and  college 
students  with  a  Snellen  visual  acuity  of  1  or 
better.  Tn  balanced  incomplete-block  designs 
the  parameters  and  their  levels  were  combined 
so  that  each  scene  was  presented  to  a  subject 
not  more  than  twice  (at  different  parameter 
levels).  Memory  effects  were  avoided  by  turning 
the  slides.  In  each  experiment  each  subject 
observed  each  of  the  4  sceneries  the  same  number 
of  times. 

At  the  beginning  of  session  the  subjects 
read  instructions  indicating  the  nature  of  the 
detection  task.  They  familiarized  themselves 
with  models  of  the  4  targets.  A  series  of  ID 
training  scenes  was  shown  to  each  subject  with  feedback.  Real  time  conditions  were  simulated 
by  restricting  the  maximum  viewing  time  to  4  discrete  levels  from  1  to  10  se;s  in  each  experi¬ 
ment.  The  levels  and  the  examined  parameters  were  balanced  simultaneously. 

The  investigated  dependent  variables  were  detection  rote,  false  alarm  ratp,  search 
time,  snd  the  subject's  confidence  about  his  detection.  After  locating  the  targets,  the  sub¬ 
jects  could  switch  of  f  the  scene  before  elapse  of  the  maximum  viewing  time  mentioned  above.  The 
timer  was  stopped  simultaneously  with  erasing  the  scene.  Thus  the  search  time  was  the  actual 
viewing  time  and  there  was  only  one  search  time  per  scene  (not  par  target).  There  are  two 
possible  strategies  of the  subjects,  either  a)  Erasing  the  scene  early  without  searching 
thoroughly  or  b)  Making  the  best  of  maximum  viewing  time  without  trying  to  stop  earlier. 


Size 

Shape,  Type 

Colour 

Number 

Configuration 
Motion  State 

Contrast 

Context 

Target  Position 

Terrain 

Scale 

Luminance 

Vegetation 

Colour 

Haze 

Sun  Angle 
Sky/Ground  Ratio 
Season _ 

Height 

Velocity 

Yaw,  Pitch,  Roll 
Vibration 

Slant  Range _ 

Resolution 
Sensor  Range 
Depression  Angle 
Aperture  Angle 
Spectral  Range 
Si gnal/Noise  Ratio 
Bandwidth 
Codes 

Frane  Rate 
Display  Size 
Display  Shape 
Flicker 

Screen  Decay _ 

Real  Time 
Aids 

Stereoscopy 

Team _ 

Acuity 

Useful  Visual  Field 
Contrest  Sensitivity 
Local,  Temporal 

Integration 
Adaptation 
Colour  Vision 
Eye  Movements 

Presentation  Time 
Training 
Experience 
Search  Strategy 
Pattern  Recognition 
Decision  Criterion 
Memory 
Motivation 
Social  Context 


Table  1:  Parameters  which  influence 
detection  performance  of  a 
TV  operator. 
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No  of  Parameters 
exp. 

Definition 

Dimen¬ 

sion 

Levels 

i 

• 

Maximum  viewing  time 

Maximum  presentation 
time  of  the  scene 

sec 

1,  3,  5,  10 

2 

Line  resolution 

Number  of  TV  lines 
covering  1  meter 
of  territory 

lines/m 

1,  2,  3,  L ,  5 

2 

• 

Global  context 

Total  surroundings  of 
the  target  (different 
scenei ies) 

forest,  meadow, 
soil,  village 

3 

Image  segmentation 

Dividing  the  image  and 
presenting  the  parts 
one  after  the  other  in 
equivalently  reduced 
viewing  time 

1,  1/2  horizontal, 
1/2  vertical,  I/1* 

A 

• 

Contrast 

I  log  rQ/rs  1  •  Lo  = 

luminance  of  object, 

L  =  luminance  of 
s 

immediate  surroundings 

0...0.2,  0.2. 

0. U... 0.6,  0 .6 . • • 

5 

• 

Local  Context 

Local  proximity  or 
structural  similarity 
between  target  and 
Immediate  surroundings 

similar  or  close, 
neither  similar 
nor  close 

5 

* 

Configuration 

Arrangement  of  a  group 
of  targets 

- 

linear,  random 

5 

Visual  angle  of  target 

Visual  angle  of  target 
width  on  the  monitor 

min 

23,  32,  53 

6 

• 

Number  i  7  targets 

Number  of  targets 
in  scene 

- 

1,  2,  <. 

Table  2:  Parameters  tested  for  influence  on  detection  performance.  With  •  indicated 
parameters  were  varied  in  the  other  experiments  too  where  they  were  not 
analyzed, however . 


By  asking  the  subjects  to  be  quick  as  well  as  accurate,  it  was  hoped  to  avoid  uncertainty 
of  the  subjects'  reactions  mentioned  above. Confidence  was  quantified  by:  1  (no  confi¬ 

dence),  2  (medium  confidence),  3(high  confidence). 


3.  RESULTS  AND  DISCUSSION 

MAXIMUM  VIEWING  TIME 

Figure  6  shows  that  detection  rate  D  increases  with  maximum  viewing  time  asymptoti¬ 
cally  like  the  cumulative  probability  of  detection  for  unlimited  viewing  time  /3A/.  A  t-test 
by  pairs  revealed  statistical  significant  differences  for  D(1  sec)  -  D(5  sec)  and  D(1  sec)  - 
D(1Q  sec),  p  <  .05.  There  is  an  increase  in  detection  rate  between  1  and  5  secs  but  the 
largest  gain  is  obtained  in  the  first  second.  False  alarm  rate  was  not  influenced  by  maximum 
viewing  time.  Search  times  were  nearly  equal  to  maximum  viewing  times  if  it  did  not  exceed 
5  secs.  At  maximum  viewing  time  of  10  secs  the  search  time  was  only  6.3  secs.  From  this  one 
can  conclude  that  subjects  try  to  chose  an  area  of  about  1302m2  :  6.3  **  as  unity  for 

search  to  get  an  optimal  performance. 

Taking  the  confidence  levels  into  account  the  ratio  D/FA  increases  from  1.6  to  2.2. 
Therefore,  if  persons  have  to  make  more  or  less  uncertain  decisions,  as  it  is  the  case  in 
real  time  reconnaissance  missions,  it  is  profitable  to  record  confidence  levels  of  the  sub¬ 
jects  and  to  weight  the  results  of  measurement  with  them. 


LINE  RESOLUTION 

Detection  rate  depends  significantly  on  line  resolution  (Figure  6).  With  increasing 
resolution  mare  details  became  visible.  This  facilitates  to  distinguish  targets  from 
surroundings.  Detection  in  natural  scenes  seems  to  comprise  classical  detection  (finding 
something)  as  well  aa  recognition  (identifying  something).  Detection  requires  a  search 
process,  recognition  is  based  on  distinction  between  objects  by  means  of  cues. 

False  alarm  rate  increases  drastically  for  a  line  resolution  of  between  2  and  1  line/m 
(Figure  7).  A  resolution  of  1  line/m  corresponds  to  a  line  resolution  of  3  lines  per  target 
width;  in  this  case  only  feu  cues  can  be  identified.  Subjects  have  to  guesa  frequently  so 


-rpe’>  '»  IPWSMW!?! * 


174 


that  a  lot  of  nontargets  were  marked. 

tine  resolution  and  all  following  parameters  did  not  Influence  the  search  time 
averaged  over  all  maximum  viewing  times.  The  strong  limitations  on  search  times  by  generally 
short  maximum  viewing  times  provoked  the  search  time  be  independent  of  tny  other  parameters. 


GLOBAL  CONTEXT 

Figure  6  shows  that  detection  rate  depends  strongly  on  global  context.  In  village 
scenes  only  27  X  of  the  targets  were  detected.  Targets  are  difficult  to  find  in  the  village 
because  both  contain  low  and  high  spatial  frequencies. The  structural  effects  compensate  lncreas 
lng  detection  rate  due  to  high  contrast  of  village  streets.  In  forest  scenes  92  X  of  the  targets 
were  detected.  In  those  scenes  subjects  did  not  need  to  scan  the  forest  itself  because  of 
the  absence  of  low  spatial  frequencies.  Moreover, vehicles  could  not  appear  in  this  dense 
forest.  The  consequence  of  this  is  chat  the  subjects  inspected  only  the  forest  street  and 
edge  of  the  forest  (as  the  questionnaires  revealed) .  Therefore, nearly  all  targets  were  de¬ 
tected. 

The  difference  of  detection  rate  according  to  global  context  is  pronounced  at  low  level 
of  maximum  viewing  time.  There  was  no  interaction  between  global  context  and  line  resolution. 

The  order  of  sceneries  in  terms  of  complexity  as  judged  by  subjects  did  not  agree  well 
with  detection  rate  (r  =  .35).  It  is  obviously  not  only  the  complexity,  e.  g.  in  terms  of 
spatial  frequency,  which  influences  the  detection  performance  but  also  knowledge  about  the 
contents  of  the  images. 

False  alarm  rate  decreased  clearly  between  experiment  1  (29  %)  and  experiment  2  (12  X) 
as  a  consequence  of  the  training.  It  remained  at  low  level  until  the  last  experiment.  False 
alarm  was  independent  of  global  context.  Scale  and  line  resolution  were  large  enough  to 
prevent  confusion  between  targets  and  nontargets,  but  viewing  time  was  too  short  to  allow 
detection  of  all  targets. 


IMAGE  SEGMENTATION 

In  experiment  3  image  segmentation  was  studied.  The  partB  were  presented  Dne  after  the 
other.  Maximum  viewing  time  was  kept  constant  for  tne  sum  of  the  parts.  Figure  G  shows  that 
the  degree  of  segmentation  did  not  affect  detectior  rate  whereas  the  manner  of  segmentation 
did.  In  terms  of  aetection  rate  vertical  segmentation  was  superior  to  horizontal.  The  book 
page  form  of  the  vertical  parts  would  support  a  search  strategy  like  reading.  Therefore  a 
preference  for  linewise  scanning  can  be  assumed. 

False  alarm  rate  was  again  at  low  level  (8  X).  False  alarm  was  given  the  least  when 
presenting  the  entire  image  (Figure  7).  More  context  provides  more  reference  objects  for 
the  correct  estimate  of  the  critical  ones  (target  or  nontarget?). 


CONTRAST 

Contrast  values  in  natural  scenes  are  nearly  continuous.  For  this  reason  detection  rate 
had  to  be  plotted  as  frequency  distribution  against  contrast  C  (Figure  6).  Detection  rate 
increases  asymptotically  up  to C  **  .5  which  corresponds  to  a  luminance  ratio  of  about 
L0/Ls  =  3  respective  1/3.  Higher  contrasts  did  not  yield  a  better  performance.  The  high 
variance  of  detection  rate  is  a  result  of  the  integrative  nature  of  the  measuring  method 
(Figure  4).  Structures  which  were  fine  but  still  resolved  on  the  TV  monitor  were  not 
registered  by  photometer.  Therefore  it  happened  that  a  target  with  C  -  .0  was  always 
detected  I 


LOCAL  CONTEXT 

Local  context,  configuration  and  visual  angle  were  studied  in  the  2x2x3  design  experi¬ 
ment;  5.  Influence  of  local  context  was  highly  significant  (Figure  6).  Targets  with  struc¬ 
tural  similarity  or  close  distance  to  their  neighbouring  objects  (level  1)  were  detected 
less  frequently  than  the  others  (level  2).  Differences  in  detection  rate  depending  on  the 
local  context  were  strongly  pronounced  at  low  maximum  viewing  times  of  a  few  seconds.  Short 
presentation  times  allow  only  few  fixations.  In  this  case,  portions  of  the  display  could 
only  be  considered  with  the  lower  acuity  of  peripheral  vision.  An  observer  who  looked  at  the 
right  hand  side  of  the  scene  saw  a  target  on  tne  left  hand  side  at  an  angle  of  20°  extra- 
foveal  where  acuity  declined  to  10  X  of  the  foveal  one.  With  this  acuity  value  subjects 
could  only  differentiate  distances  and  angles  between  target  and  neighbouring  objects  which 
occured  tnly  for  level  2  of  local  context. 

False  alarm  (on  average  12  X)  was  given  more  frequently  at  level  1.  It  is  surprising 
that  a  variable  which  refers  to  nontargets  (false  alarm)  is  influenced  by  a  parameter  which 
refers  to  targets  (local  context)'  This  can  be  interpreted  by  regard  to  the  subjects'  reac¬ 
tions.  The  sum  of  markings  is  constant  for  level  1  and  level  2.  They  try  to  mark  similarly 
frequently  in  different  scenes.  There  are  fewer  correct  detections  gt  level  1  of  local 
context  (as  mentioned  sbove)  but  more  wrong  ones  instead  of  it. 
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CONFIGURATION 

In  linearly  arranged  target  groups  all  targets  were  detected  more  frequently  as  In 
randomly  arranged  groups,  whereas  in  these  groups  at  least  one  or  more  targets  were 
detected  more  frequently.  But  these  effects  were  compensated  s>:  that  on  average  detection 
rate  did  not  depend  on  the  configuration.  In  contrast  to  thlB,  identification  of  groups 
do  depend  on  the  configuration  /IQ/. 


VISUAL  ANGLE 

The  visual  angle  did  not  influence  detection  rate.  This  result  confirms  the  findings 
of  Williams  '66  /8/  according  to  which  screen  size  does  not  affect  detection  performance. 
Distances  were  always  shorter  than  the  range  of  visual  resolution  of  TV  lines  (~  4  times 
screen  diagonal  line)).  The  subjectively  agreable  viewing  distance  was  about  2.5  x  screen 
diagonal  as  a  separate  test  revealed. 

There  were  no  interactions  at  all  between  local  context,  configuration,  and  visual 
angle. 


NUMBER  OF  1ARGETS 

Though  there  were  the  same  maximum  viewing  times  for  each  xevel  of  taro°t  number, 
detection  rate  decreased  only  slightly  for  higher  values.  It  has  to  be  remen.-ered  that 
each  detected  target  had  to  be  marked  by  light  pen  (detection  related  to  targets, 

Figure  6).  Effective  seaich  times  were  identical  if  the  pure  times  for  marking  are  sub- 
trscted(N  =  1  :  .8  sec,  N  =  2  :  1.2,  N  =  4  :  1.9)  from  the  measured  search  times.  It  can 
be  concluded  that  scenes  are  searched  regardless  of  their  target  number  far  at  least  one 
time  and  equal  frequently. 

Still  another  dependency  can  be  found  if  one  analyzes  the  data  of  this  experiment  in 
vieu  of  the  question:  "Are  there  targets  in  the  3cene  at  all?"  One  detected  target  is  now 
sufficient  in  order  to  say  that  the  scene  contains  targets  (detection  related  to  scenes). 
This  modified  detection  rate  increases  clearly  with  number  of  targets  since  it  is  more 
probable  to  detect  any  target  of  four  than  detecting  exactly  the  only  one  existing 
(Figure  6),  /I/.  Thus,  the  Influence  of  the  number  of  targets  or  detection  rate  depends 
strongly  on  the  military  demand  whxch  can  be  either  to  detect  eacn  target  or  just  to  detect 
the  existence  of  enemieB  generally. 


No  of 
exp  . 

Source  of 

Variance 

df 

F-ratio 

^Critical 

Probability 

Level 

i 

Maximum  viewing  time 

3 

1.54 

2.2 

NS 

2 

Line  resolution  R 

4 

10.5 

3.4 

o 

• 

V 

2 

Global  Context  G 

3 

66.5 

3.9 

<  .01 

3 

Image  oartitionlng 

3 

2.5 

2.3 

<  .1 

4 

Contrast 

3 

66.8 

3.9 

<  .01 

5 

Local  context  L 

1 

61.5 

8.7 

<  .01 

5 

Configuration  C 

1 

-  * 

3.1 

NS 

5 

Visual  angle  V 

2 

.1 

2.7 

NS 

6 

Number  of  targets 

2 

3.1 

2.4 

<  .1 

2 

RG 

12 

1.3 

1.6 

NS 

5 

CL 

1 

.1 

3.1 

NS 

5 

C  V 

2 

2.5 

2.7 

NS 

5 

LV 

2 

1.4 

2.7 

NS 

5 

CLV 

2 

2.1 

2.7 

NS 

Table  3:  Summary  of  snalysises  of  variance  for  detection  rate. 


QUESTIONNAIRES 

After  each  session  subjects  filled  in  a  questionnaire  to  give  information  about  their 
strategy,  mental  load,  and  the  comfort  of  handling  the  apparatus.  The  results  were: 

-  Subjects  became  more  and  more  conscious  of  their  search  strategy. 

-  Subjects  searched  systematically  (63  T),  in  dependence  on  the  scene  contents  (42  %) , 
with  a  orientation  phase  at  search  beginning  (37  X),  areas  with  good  target-background 
contrast  above  all  (26  %) . 

-  The  marked  hole  of  one  of  the  two  types  of  tenks  was  an  effective  cue  for  its  detection. 

-  Rectangular  objects  e.  g.  houses  are  eaBlly  taken  bs  targets  in  search  for  taigets. 
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-  A  complete  search  of  the  20°  x 20°  scenes  takes  2  sec.  Number  of  search  passes  are 
proportional  to  the  search  time. 

-  The  concentration  of  subjects  increases  with  decreasing  maximum  viewing  time. 

-  Maximum  viewing  times  belou>  3  secs  impose  stress. 

-  The  demanded  decision  criterion  “Be  ruick  as  well  as  accurate"  is  not  foilowec. 

58  %  of  subjects  «ry  to  be  accurate. 

-  Motivation  is  stimulated  by  interest  and  payment,  not  by  a  bonus  for  good  performance. 

-  Quick  location  in  static  scenes  is  done  comfortably  by  light-pen. 

-  Viewing  distances  below  screen  diagonal  length  disturb  subjects. 


4.  CONCLUSION 

Figure  8  presents  a  statistical  comparison  Df  all  examined  parameters.  The  columns 
present  the  percent  portions  of  variation  in  detection  rate9  n2  attributed  to  the  para¬ 
meters  Pi,:  =(  SSpi/SStotal) *  TOO  56  CSS  =  sum  of  squares).  The  relatively  greatest 

influence  on  the  detection  rate  have  scene  parameters  which  constitute  the  conspicuity  of 
a  target  in  natural  scenes:  Global  context  (fl2  =  77  90 ,  contrast  (57  56),  and  local  context 
(21*  %).  The  system  parameters  image  partitioning  (2D  56)  and  line  resolution  (  16  56)  have  a 
smaller  influence  on  detection  rate.n"  of  maximum  viewing  tine,  number  of  targets,  visual 
angle,  and  configuration  are  all  Lelow  10  56.  The  worth  of  the  r^-comparlson  is  restricted 
since  r|2  is  a  descriptive  measure  in  the  specially  chosen  sample.  Moreover,  variation 
depends  on  the  parameter  ranges  which  are  incomparable  because  of  their  different  dimen¬ 
sions.  One  has  to  remember  these  limitations  regarding  e.  g.  the  low  orders  of  maximum 
viewing  time  and  visual  angle.  But  there  is  no  doubt  that  detection  performance  is  affpeted 
by  scene  parameters  which  can  be  influenced  not  at  all  (context)  or  only  very  little 
(contrast)  by  reconnaissance  party.  The  effects  of  the  variable  system  parameters  (image 
partitioning,  line  resolution)  had  to  be  cumulated  to  affect  detection  performance  remark¬ 
ably.  Maximum  viewing  time  plays  a  role  at  the  low  levels  of  1  and  2  secs.  Therefore,  with 
increasing  speed  of  the  RPV  the  effect  of  the  viewing  time  will  be  added  to  that  of  the 
parameters  mentioned  above. 
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:igure  1:  The  4  different  sceneries  used  in  experiments  1-6: 
forest,  meadotii,  soil,  village. 


Figure  2:  Simulation  of  Different  Figure  3:  Principle  of  Image 

Line  Resolutions  by  Varying  Segmentation. 

Scene  Size  and  Keeping 
TV  Norm. 


Figure  5:  Arrangements  of  Targets  for  diffe- 


Figure  4:  Measuring  Method  for 
Contrast . 


rent  levels  of  local  context. 

Level  1  =  Structural  similarity  or 
proximity  between  target  and 
immediate  Surroundings.  Level  2  = 
Unsimilarity  or  distance. 
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DISCUSSXOS 


H.  PONGRATZ  (FRG) 

You  showed  that  a  resolution  of  5  lines/m  gave  a  'detection  rate  of  about  701  (.figure  6  of  the  text). 
Would  the  rate  continue  to  rise  with  increasing  resolution,  or  would  it  fall  off  asymptotically? 

How  many  lines/m  resolution  would  be  -.leaded  to  give  maximum  detection  efficiency? 

AUTHOR'S  REPLY 

The  required  resolution  depends  upon  the  task.  If  you  want  to  discern  objects  which  differ  in 
details  of  length  L  (m),  you  need  a  line  resolution  of  1/L  (lines/m).  I  was  not  at  the  asymptote, 
but  for  a  rather  good  acquisition  of  military  vehicles  in  natural  scenes  the  literature  recommends 
a  line  resolution  of  12  lines/m. 
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THE  INFLUENCE  OF  THE  DESIGN  OF  DISPLAYS  ON  COCKPIT  WORKLOAD 
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MARCONI  AVIONICS 

AIRPORT  WORKS,  ROCHESTER,  KENT  ME1  2 XX, 
UK 


Summary 


This  paper  discusses  the  problems  involved  in  designing  displays  and  controls  for  high  speed  low  leve> 
aircraft  with  the  reduction  of  cockpit  workload  as  a  prime  consideration.  The  cramped  confines  of  fight¬ 
er  cockpits  together  with  the  expanded  operational  capabilities  possible  with  modern  sensors  leads  to  the 
conclusion  that  the  displays  must  be  multi-function.  Control  of  the  avionics  under  combat  conditions  re¬ 
quires  a  high  degree  of  automation;  nevertheless  the  crew  must  be  abie  to  manually  control  the  systems 
with  a  minimum  number  of  switching  operations.  Brief  descriptions  of  some  modem  display  techniques  are 
given  with  emphasis  on  their  workload  reducing  attributes  and  the  paper  concludes  with  the  view  that  the 
effectiveness  of  future  aircraft  will  depend  largely  on  the  mission-crew-avionic  interface  and  that  this 
must  be  an  essential  part  of  the  overall  cockpit  design  philosophy. 

1.  Introduction 

The  difficulties  which  occur  when  flying  at  high  speed  and  low  level  are  exacerbated  when  in-flight 
visibility  is  reduced  by  weather  or  bad  light.  Avionic  systems  can  contribute  greatly  towards  overcoming 
these  difficulties  through  the  display  of  navigation,  sensor  and  weapon  data.  However,  the  operation  of 
many  current  aircraft  avionic  systems  impose  very  high  crew  workloads  and  it  is  essential  that  the  crew  is 

not  denied  the  effectiveness  that  could  come  from  future  avionics  because  the  systems  are  too  difficult  to 

operate.  Thus  the  crew-system  interface  must  be  considered  at  the  ’.esign  stage  and  reflect  a  system 
operation  logic  which  is  standardised  throughout  the  cockpit.;  The  controls  through  which  the  crew 
communicates  with  the  avionics  must  be  simple  to  operate  and  the  displays  must  be  easy  to  read  under  the 
stresses  of  combat  conditions.  Because  the  displays  could  arguably,  swamp  the  crew  with  data  it  is 
essential  that  crew  workload  is  considered  during  their  design,  that  only  clear  essential  data  is  presented 

and  all  that  is  superfluous  to  each  part  of  the  mission  is  excluded.  In  other  words  the  oata  presented 

should  be  matched  to  crew  workload  with  display  format  and  content  optimised  for  the  crew-system  inter¬ 
face.  This  leads  to  the  conclusion  that  the  displays  should  be  multifunction  and  capable  of  format  re¬ 
configuration  to  cater  with  the  ever  fluid  tactical  situation  together  with  future  changes  in  threat, 
mission  and  sensor  developments.  Such  flexibility  is  an  inherent  characteristic  of  electronic  displays 
and  will  be  an  important  feature  of  future  cockpits. 

2 .  Work  load 

There  have  been  ma.iy  attempts  at  a  definition  of  "pilot  workload"  none  oc  which  has  proved  universally 
acceptable.  Similarly  there  have  been  numerous  practical  experimental  programmes  to  try  to  assess  what 
constitutes  workload.  These,  as  with  most  tests  involving  inherently  variable  human  beings  have  yielded 
results  which,  if  nothing  else,  indicate  that  different  people  at  any  one  time  or  even  the  same  people  at 
different  times  do  things  in  many  different  ways  an«  that  quantifying  workload  is  no  easy  task.  Kith 
this  background  of  failure  by  those  infinitely  more  learned  than  myself  it  would  be  presumptuous  to  try 
to  define  overall  pilot  workload  so  I  shall  confine  myself  to  the  subject  of  hov  easy  it  is  for  a  pilot 
to  communicate  with  the  avionic  systems  through  his  display  controls  and  suggest  how  the  types  of  displays 
can  be  organised  so  that  he  can  easily  gain  the  information  he  needs  from  them.. 

It  is  instructive  to  note  how  a  pilot  gains  information  in  flight  by  usin?  his  visual,  aural  and  tactile 
senses  -  see  Figure  1.  Of  the  three,  the  visual  channel  clearly  is  vital  and  has  the  largest  number  of 
inputs  but  information  gathering  is  a  high  speed  process  with  rapid  correlation  of  data  while  aural  in¬ 
formation  gathering  is  low  speed  with  slow  sequential  input  of  data.  The  tactile  channel  is  not  over¬ 
loaded,  tactile  warnings  are  rarel)  used  and  although  the  aircraft  must  be  flown,  systems  controls  can  be 
operated  at  the  same  time  whereas  it  is  not  possible  to  look  at  two  things  at  once  nor  to  reliably  take 
in  two  simultaneous  audio  signals.;  It.  is  clearly  u.idesireable  tr  further  overload  the  visual  channel  by 
requiring  its  use  for  systems  control  operation.  A  point  I  will  expand  on  later. 

The  process  by  which  man  makes  decisions  based  on  these  sensory  inputs  can  be  likened  to  the  operation  of 
an  avionics  computer  as  shown  in  Figure  2.,  lowever,  wh’ le  man's  long  term  memory  has  immense  capacity 
and  is  his  greatest  strength,  his  short  term  memory  is  notoriously  unreliable  ind  his  single  decision 
channel  lacks  the  high  speed  of  the  computer.  These  factors  are  of  prime  importance  in  the  design  of 
controls  and  displays., 

3.  Controls 

The  small  size  of  fighter  cockpits  when  combined  with  the  large  number  of  aircraft  systems  each  with  their 
associaicJ  control  panel  leaves  litt’e  space  for  the  controls  and  displays  with  which  the  pilot  inter¬ 
acts  with  the  avionics,  a  situation  which  is  exacerbated  if  his  reach  and  vision  is  impaired  by  the  con¬ 
straints  of  a  reclined  high  'g'  seat.  There  is  a  strong  temptation  to  reduce  the  panel  area  requirements 
by  using  multifunction  controls  and  in  theory  it  is  possible  to  control  all  of  the  avionics  through  one 
multifunction  panel.  By  multifunction  I  mean  that  one  control  has  many  functions  depending  on  the 
operation  of  some  previous  control,  as  shown  in  Figure  3.;  This,  although  a  neat  engineering  solution  to 
the  problem  of  lack  of  area,  is  fraught  with  problems  from  the  point  of  view  of  workload..  One  of  the 


18-2 


important  r'actors  in  fighter  operations  is  that  most  of  the  short  term  inputs  received  by  a  pilot  come 
from  outside  the  cockpit  through  his  vision.  These  include  terrain,  obstacles,  orientation,  other  air¬ 
craft,  ground  targets,  hostile  fire  and  the  head-up  display.-  Conversely  most  of  his  long  term  inputs 
come  from  inside  the  cockpit  through  radar,  sensor,  navigation  and  map  head-down  displays..  In  both  cases 
he  will  need  to  operate  controls  at  the  same  time,  and  where  possible  these  operations  should  not  divert 
his  attention  from  the  visual  input.; 

Thus  the  controls  associated  with  displays  should  be  adjacent  to  them.  Since  displays  need  to  be 
orientated  approximately  normal  to  the  pilot's  line  of  vision  they  will  usually  be  on  the  main  instrument 
panel  rather  than  on  the  side  consoles.  As  such  they  will  tend  to  be  at  arms  reach  which  makes  for 
difficult  operation  under  'g'  or  turbulence,  where  double  entries  or  failure  to  enter  data  are  common. 

After  a  relatively  short  period  of  familiarisation  with  a  cockpit  most  pilots  when  blindfolded  are  capable 
of  identifying  by  touch  all  of  the  controls.  Where  these  are  single  function  controls  he  can  also  operate 
them  by  feel.-  In  this  he  relies  on  his  long  term  memory  and  spatial  co-ordination.  However,  when  these 
controls  are  multifunction  his  short  term  memory  is  involved  and  being  poor  it  nearly  always  has  to  be 
augmented  by  vision.  In  this  case  he  needs  to  have  visual  feedback  from  the  associated  display  immediately 
next  to  the  controls  so  that  he  does  not  have  a  large  time  consuming  visual  scan  angle  from  the  control  to 
the  display.  To  operate  a  keyboard  by  touch  is  not  too  difficult  when  each  key  has  only  one  function  but 
when  multifunctioned  the  task  becomes  very  demanding.  To  give  a  very  simple  example,  a  four  digit  radio 
frequency  selector  can  be  reset  by  touch  without  visual  augmentation  either  by  resetting  each  digit  to  zero 
and  counting  the  clicks  or  by  remembering  the  original  frequency  and  incrementing  or  decrementing  it  as 
appropriate.  This  can  be  a  very  difficult  task  when  one  is  occupied  with  controlling  the  aircraft  and 
virtually  impossible  if  one  has  to  return  to  it  at  the  half  way  point  following  an  interruption  when  the 
stage  o.ie  had  previously  reached  is  easily  forgotten.;  However,  the  process  becomes  very  easy  when  aug¬ 
mented  by  immediate  visual  feedback.;  The  same  holds  true  of  most  multifunction  controllers  unless  com¬ 
plicated  data  insert  log»c  is  involved.. 

It  has  been  stated  that  retention  of  short  ten,,  memory  may  be  as  low  as  3  seconds.  After  this  time  there 
is  a  50%  chance  that  items  of  information  mey  be  forgotten  especially  in  high  workload  conditions.-  After 
about  18  seconds  there  is  only  a  10%  chance  of  remembering  data  when  working  on  a  simple  t3sk.; 

The  essential  problem,  however,  is  that  the  pilot  must  look  at  a  multifunction  controller  while  operating 
it  which  denies  him  short  and  long  term  outside  world  and  sensor  inputs  for  the  period.  Tne  consequences 
of  this  obviously  vary  according  to  the  situation.  If  heavily  involved  in  manual  high  speed  very  low 
level  flight  one  cannot  afford  to  look  in  at  all  hence  all  coi  trol  selections  must  be  by  touch.  If 
involved  in  visual  air  combat,  looking  in  frequently  causes  one  to  lose  contact  with  the  other  aircraft 
involved  in  the  fight  which  would  be  disastrous.  If  flying  head  down  on  instruments,  looking  away  to 
operate  controls  involves  loss  of  instrument  scan  sufficient  to  cause  significant  deviations  from  the 
desired  flight  path.;  So,  while  there  are  powerful  arguments  for  multifunction  controls,  there  are  even 
more  powerful  arguments  for  confining  their  applicaticns  to  systems  which  a.e  operated  during  periods  when 
temporary  loss  of  visual  input  from  the  outside  world  or  flight  displays  is  not  crucial.. 

It  is  of  interest  that,  for  reasons  of  workload,  manual  input  of  data  into  the  Flight  Management  Computer 
of  modem  civil  airliners  usua:ly  is  effected  through  a  full  alphanumeric  keyboard  which  has  26  buttons 
for  alpha  entry  with  a  separate  10  buttons  for  numeric  entry.  For  similar  reasons  slew  controls  and 
multifunction  push  buttons  for  data  entry  were  consistently  rejected  as  unsuitable  during  pilot  assessment 
of  the  BAe  Weybridge  Advanced  Flight  Deck  (AFD)  Simulator.  While  commercial  pilot  workload  is  quite  high, 
given  that  there  is  at  least  one  other  pilot  to  share  the  load  and  chat  virtually  the  whole  flight  is  on 
autopilot,  the  task  cannot  compare  with  ♦he  difficulties  of  the  pilot  at  a  single  seat  fighter.  Even 
those  controls  which  are  single  function  and  hence  only  require  touch  operation  are  affected  by  operational 
constraints..  For  example,  although  it  is  easy  to  identify  controls  by  touch  when  seated  normally  it  is 
another  story  when  twisted  around  looking  backwards  at  the  opposition  or  when  pulling  ' g • .  Then  the  only 
controls  one  can  be  sure  of  operating  are  those  on  the  throttle  and  stick  -  the  HOTAS  concept.  It  is  of 
interest  that  the  F-16  has  some  370  dedicated  switch  positions  of  which  16  are  on  the  stick  and  throttle 
and  only  about  10  multifunction  switches  associated  with  the  stores  management  system  display.- 

One  proposed  solution  to  the  problem  of  physically  operating  controls  under  high  workload  or  'g'  conditions 
is  to  use  Direct  Voice  Input  (DVI) .  My  company  is  currently  engaged  in  research  into  this  subject  using 
several  approaches.  Broadly  speaking  their  research  shows  that  a  subject  whose  voice  pattern  has  been 
previously  piven  to  the  equipment  can  achieve  about  90%  success  in  giving  simple  commands  by  DVI.,  They 
predict  that  higher  levels  of  success  are  likely  but  that  it  will  be  many  years  before  DVI  will  be 
sufficiently  reliable  to  carry  out  any  flight-critical  cockpit  switching  functions.. 

In  the  near  future  DVI  could  be  used  as  an  "add-on”  extension  to  existing  switch  systems  but  the  basic 
switches  must  remain  in  being  to  give  completely  reliable  functioning  plus  visual  and  tactile  confirmation 
of  selections  which  have  been  made.- 

A  further  consideration  is  that  the  radio  is  very  busy  in  fighter  operations,  and  the  aural  channel  is 
already  overloaded.  When  not  transmitting,  pilots  must  lisven  out  for  other  calls  hence  voice 
communication  with  one's  own  aircraft  could  lead  to  missed  radio  calls  from  others.  This,  for  example, 
happens  more  frequently  in  two  seat  aircraft  where  intercockpit  voice  coi-nunication  is  used  than  in  single 
seaters  where  it  is  not, which  indicates  an  important  operational  d.s„dvantage  of  DVI.  In  addition  the 
system  operates  in  a  similar  way  to  multifunction  keyboards  in  that  a  set  sequence  must  be  followed  to 
reduce  the  size  of  vocabulary  for  each  phase  and  thereby  increase  the  probability  of  correct  recognition. 

For  example  to  change  UHF  frequency  it  may  be  necessary  to  say  Radio  -  UHF  -  236  point  2,  3nd  this  sequence 
must  be  correctly  followed  Under  the  stress  of  combat  it  may  be  difficult  to  follow  this  ordered 
sequence  using  the  same  calm  tone  of  voice  that  was  used  when  initially  feeding  one’s  speech  patterns  to 
the  system. 
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Nevertheless  DVI  has  considerable  development  potential  as  another  communication  channel  between 
pilot  and  aircraft  'hich  might  ultimately  overcome  the  physical  reach  constraints  associated  with 
conventional  cockpit  switches.; 

To  summarise,  pilots  have  very  little  spare  sensory  capacity  for  systems  management  when  at  high  speed 
and  low  level  and  if  the  full  potential  of  modern  avionics  are  to  be  realised  they  must  be  easy  to 
control  and  be  highly  automated. 

4.;  Displays 

Displays  are  the  means  through  which  the  avionic  and  aircraft  systems  present  data  to  the  pilot..  There 
is  enough  space  in  the  average  single  seat  fighter  cockpit  for  a  small  radar  display  and  conventional 
flight  instruments  but  when  further  sensors  are  added  or  the  possibility  exists  that  they  could  be  added 
in  the  future,  a  solution  to  the  problem  of  space  is  to  integrate  data  into  smaller  groups  and  portray  it 
on  electronic  displays. 

In  the  civil  display  field  it  is  proposed  to  integrate  the  flight  instruments  into  a  Primary  Flight 
Display,  navigation  and  weather  radar  into  a  Navigation  Display,  all  engine  data  into  an  Engines  Display 
and  to  also  have  Systems  and  Warnings  displays.  For  military  aircraft,  sensor  and  weapon  aiming  displays 
would  also  be  required  making  a  total  of  seven  surfaces.  Clearly  this  poses  problems  of  lack  of  avail¬ 
able  space  and  for  this  reason  plus  the  need  to  cater  for  display  surface  failure,  the  displays  must 
necessarily  be  multi -function.  This  implies  that  some  data  will  not  be  continuously  displayed  and  that 

the  display  formats  will  perforce  be  -.ode- dependent.. 

It  is  tempting  to  take  the  view  that  the  ability  of  electronic  displays  to  draw  any  shape  of  symbol 
creates  an  opportunity  to  radically  change  the  traditional  display  formats  for  such  parameters  as  attitude, 
altitude  etc.-  For  example,  mechanical  constraints  have  limited  the  format  development  of  electro¬ 
mechanical  attitude  indicators  to  a  ball-type  presentation  with  different  colours  for  above  and  below 
horizon  indications,  whereas  electronic  displays  do  not  have  this  restraint. 

An  attitude  display  has  to  fulfil  two  quite  different  requirements.  First  it  should  be  possible  to  re¬ 
cover  from  unusual  positions,  for  example  a  steep  inverted  climb,  by  immediately  assessing  what  is  the 
quickest,  safest  action  to  regain  wings  level  horizontal  flight.  This  requires  a  coarse  scale  with  strong 

upright /irvci Leu  cues.  Pitch  and  roll  rates  will  be  high  and  the  total  picture  must  be  available, 
instantly  and  unambiguously.  Secondly  there  is  the  need  for  f-ne,  precision  attitude  control  during 
instrument  approach  procedures,  IMC  low  level,  or  fighter  interception  procedures  where  pitch  and  roll 
rates  are  low.  For  these  phases  of  flight  a  larger  scale  would  be  advantageous.  A  large  scale  presenta¬ 
tion  near  the  horizontal  and  a  small  scale  presentation  near  the  vertical  is  a  feature  of  the  F-16  HUD  syai- 
bolcgy  and  perfectl)  feasible  for  CRT  Flight  Displays. 

However,  there  are  strong  reasons  why  an  electronic  flight  display  should  be  essentially  similar  in 
appearance  to  existing  electro-mechanical  units,  at  ieast  to  the  extent  that  a  pilot  used  to  flying  by 
dials  can  recognise  the  display  for  what  it  is,  see  Figure  4.  Firstly,  it  is  an  eartn  referenced 
situation  display  hence  it  should  include  a  horizon  lin-?  and  pitch  reference  augmented  by  bank  and  up/down 
cues.  Secondly,  for  reasons  of  integrity  of  vital  flight  data  some  dissimilar  standby  instruments  will 
be  required  and  to  some  extent  their  formats  will  influence  those  of  the  electronic  displays,  since  they 
should  be  alike  so  that  it  is  easy  to  transfer'  from  one  to  the  other.  Nevertheless,  it  is  possible  by 
integrating  airspeed,  altitude  (baro  and  radio),  attitude,  bank,  heading,  flight  path,  potential  flight 
path  and  ILS  guidance  into  one  CRT  display  to  reduce  the  instrument  scan  time  with  consequent  improvement 
in  flying  accuracy  and  reduction  in  workload.. 

Similarly,  an  integrated  navigation  display  as  shown  in  Figure  5  car.  reduce  workload  in  two  ways,  scan 
time  is  reduced  and  the  display  can  pictorially  represent  whore  the  aircraft  is  in  relation  to  desired 
route  rather  than  as  in  traditional  displays  relying  on  pilot  interpretation  of  position  through  bearing/ 
range  and  a  mixture  of  mental  gymnastics  and  rules  of  thumb.. 

Whether  it  is  necessary  to  display  continuously  all  engine  parameters  is  open  to  question.  On  the  one 
hand  automatic  engine  controls  can  reduce  the  need  to  display  anything  other  than  the  dominant  parameter, 
be  it  RPM,  EPR  or  fuel  flow.  On  the  other  hand  if  only  one  engine  is  fitted  it  is  of  such  v:tal 
importance  that  visual  access  to  its  parameters  should  be  more  or  less  continuously  available. 

It  is  in  the  area  of  systems  and  warnings  displays  that  the  greatest  opportunities  for  reducing  workload 
lie.  Currently  the  pilot  is  presented  with  a  diversity  of  dials  and  lights  many  of  which  are  of  different 
scale  and  manufacture  and  not  easy  to  interpret.  For  example  the  normal  operating  area  on  one  dial  may 
have  the  needle  vertical,  on  others  it  may  be  anywhere.  Consequently  it  is  difficult  to  tell  at  a  glance 
whether  all  systems  are  well  and  it  is  often  necessary  to  remember  many  differ..;;t  r.’.""hers.  In  this 
respect  light  aircraft  which  have  dials  with  coloured  segments  for  normal  or  caution  ranges  often  have 
better  presentations  than  military  aircraft. 

Most  aircraft  systems  have  one  or  two  primary  parameters  for  example  pneumatic  pressure  which  give  clear 
indications  of  their  health.  It  may  be  sufficient  to  display  only  these  parameters  continuously  while 
retaining  the  ability  to  call  up  a  more  detailed  display  of  secondary  parameters  when  required  for  checks 
or  subsequent  to  a  failure.  It  is  also  possible  to  inhibit  warnings  when  these  occur  naturally  as  a 

consequence  of  a  failure.  In  some  twin  engined  aircraft  the  first  indication  of  engine  failure  is 
ill'jnination  of  the  generator  failure  warning  light  followed  by  low  oil  pressure  and  the  pilot  can  be 
triggered  into  inappropriate  emergency  drills.  By  rationalising  systems  and  warnings  the  prime  cause, 
engine  failure,  plus  an  indication  of  why  it  failed  and  the  appropriate  emergency  drills  can  be  displayed 
to  the  exclusion  of  the  consequential  failures. 

It  is  virtually  impossible  to  handle  paper  check'  lists  at  high  speed  ani  low  level  but  perfectly  feasible 
to  carry  out  electronically  displayed  emergency  drills.  Confidence  that  failures  will  be  disclosed  re¬ 
liably  to  the  pilot  can  reduce  his  need  to  monitor  systems  and  allow  him  to  concent i ate  on  his  mission. 
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Weapon  aiming  will  normally  be  carried  out  using  a  Head-Up  Display  (HUD)  or  Helmet  Mounted  Sight  (HMS) 
where  the  target  is  outside  the  field  of  view  (FOV)  of  the  HUD.  These  are  collimated  displays  which 
allow  the  pilot  to  see  Doth  target  and  display  without  the  need  to  refocus  *he  eyes  thus  achieving  greater 
efficiency  of  visual  data  input  through  time  sharing.  It  is  likely  that  target  acquisition  will  be 
enhanced  through  the  use  of  some  sensor  other  than  the  human  eye  and  since  the  sensor  acquisition  period 
immediately  preceeds  visual  acquisition  it  is  vital  that  the  transition  between  them  is  quick  and  positive. 
In  fact  the  first  contact  may  be  visual,  the  pilot  will  acquire  using  the  sensor,  then  havin’  assessed  the 
situation  and  formulated  nis  tactics  he  will  go  head  up  again  for  the  engagement.-  More  than  one  sensor, 
e.g.  radar  and  visual  augmentation  system -may  be  involved.  Thus  there  are  strong  arguments  for  also 
collimating  the  sensor  displays  as  an  aid  to  reducing  the  time  needed  for  accommodation  changes  from  head 
up  to  head  down  and  vice  versa.  A  collimated  display  of  this  type  has  been  fitted  to  a  simulator  at  BAe 
Warton,  see  Figure  6,  and  a  smaller  but  essentially  similar  display  is  used  in  the  SAAB  Viggen.  There 
are  several  other  advantages  in  collimating  head-down  displays;  a  small  display  can  be  magnified  to  give 
larger  IFOV  through  the  use  of  binocular  vision  and  the  display  is  easier  to  read  under  turbulent  condi¬ 
tions  since  the  display  format  apparently  moves  up  and  down  in  phase  with  the  pilots  eyes. 

4.1  Display  Legibility 

The  open  military  cockpit  is  a  very  demanding  environment  for  electronic  displays.  Unlike  non-Iuminous 
conventional  instruments  whose  legibility  relies  on  reflected  illumination,  electronic  displays  depend  on 
their  luminous  properties  for  legibility  and  as  such  they  have  to  compete  with  ambient  illumination. 

The  two  prime  factors  governing  electronic  display  legibility  are  contrast  and  luminance.  Essentially 
one  only  sees  some  thing  because  it  contrasts  with  its  surroundings  hence  this  is  an  important  factor  to 
maximise.  This  is  easily  achieved  with  electronic  displays  by  use  of  contrast  enhancement  filters 
which  work  on  the  principle  that  by  limiting  light  transmission  to  say  10%,  while  the  CRT  brightness  is 
reduced  to  10%,  the  ambient  illumination  which  has  to  pass  through  the  filter  twice  is  reduced  to  1%. 

(Fig.  7).- 

Filters  which  are  wavelength  selective  can  also  be  used,  typically  these  are  matched  to  the  wavelength  of 
the  CRT  phosphor  which  further  improves  contrast.  Lower  transmission  filters  will  give  greater  contrast, 
but  at  the  expense  of  display  brightness.  When  a  pilot  looks  out  of  the  cockpit  his  eyes  adapt  to  the 
bright  outside  world,  and  so  when  he  looks  in  at  his  display  he  is  not  able  to  see  low  brightness  displays 
as  well  as  if  his  eyes  were  adapted  to  inside  rather  than  outside  light  levels.-  Consequently  there  has 
to  be  a  trade-off  between  contrast  and  brightness. 

The  next  speaker  will  describe  colour  displays  in  some  detail,  and  so  I  will  ignore  the  topic  except  to 
note  that  colours  have  strong  attention  getting  properties  hence  they  should  only  be  used  for  this  purpose. 

Highly  coloured  displays,  whilst  very  pretty,  probably  have  less  information  transferring  qualities  than 
where  colour  is  used  sparingly  since  the  colour  can  be  another  superfluous  item  for  the  already  overloaded 
visual  channel  to  process..  Too  much  colour  could  arguably  increase  workload,  selective  use  will  decrease 
it. 


5.  Cockpit  Integration 

In  many  jet  fighters  little  attempt  seems  to  have  been  made  to  place  displays  and  controls  where  they  could 
be  easily  read  or  reached.  I  could  cite  the  Vampire  fuel  gauge.  Hunter  compass.  Harrier  radio  and  Phantom 
Weapon  switches  all  of  which  are  hidden  behind  the  stick.  Some  aircraft  had  all  the  "once  a  flight 
switches"  on  the  left  console  and  within  easy  reach  of  the  free  left  hand  with  the  switches  that  need  to 
be  operated  frequently  on  the  right  console  which  involved  swapping  hands  on  the  stick.- 

Other  early  aircraft  had  poor  systems  integration  with  incompatibilities  between  different  systems..  This 
problem  seems  to  te  largely  overcome,  and  indeed,  the  ’■eed  for  avionics  to  communicate  on  common  data  buses 
demands  system  compatibility. 

However,  it  is  only  on  the  latest  aircraft  that  the  system  integration  process  has  spread  to  include  the 
pilot.  The  F18  is  a  particularly  good  example.  This  aircraft  has  the  same  task  as  its  predecessor  the 
F4  but  has  only  one  crew  member.  Pressure  from  the  operators  was  for  two  crew  but  this  was  ruled  out  on 
cost  ground?.  As  a  result  extensive  human  factors  work  was  carried  out  on  the  man-machine  interface  to 
ensure  that  the  task  was  feaiible  for  one  man  and  the  cockpit  has  been  described  as  "as  close  to  perfect 
as  you  can  get".-  However,  even  this  cockpit  could  be  improved  by  the  use  of  colour  and  more  collimated 
displays. 

The  lesson  is  that  avionics  capability  has  outstripped  pilot  capability  yet  he  is  the  key  to  success  and 
must  be  considered  at  all  stages  of  the  design.  The  cockpit  is  more  than  an  aerodynamic,  inconvenience, 
it  is  the  heart  of  the  mai  nine  and  must  be  tailored  for  his  task.  This  fact  places  a  large  burden  on 
the  airframe  designer  who  must  have  staff  who  understand  the  needs  of  the  pilot  and  the  nature  of  his  task. 

"Experience  in  the  recent  past  has  shown  the  extreme  difficulties  and  indeed,  flight  safety  hazards,  which 
have  occurred  when  system  operation,  functions  and  displays  have  been  designed  and  evaluated  vithout  taking 
full  account  of  the  very  demanding  military  flight  environment.  Simulator  and  other  trials  have  often 
ited  in  extremely  logical  and  orderly  lay  out  of  controls  functions  and  sequences.  Unfortunately, 
they  have  c*ten  failed  to  relate  the  pilot's  operation  of  these  system  controls  and  displays  to  the  fact 
that  he  may  very  probably  be  flying  under  manual  control  at  100  -  200  feet  at  aiound  550  knots.  Under 
these  circumstances  anc  others,  such  as  I  have  described,  the  time  and  attention  span,  which  the  pilot 
can  give  system  operation,  is  exceptionally  limited  and  however  elegant  and  logical  the  control  and  display 
functions  provided,  he  will  be  unable  to  use  them  unless  their  operation  can  be  made  in  a  near  instinctive 
manner  and  with  the  minimum  distraction  from  the  flying  task., 

1  strongly  believe  that  system  control  ar.d  display  functions  in  the  past  have  frequently  been  evolved  on 
the  basis  of  what  is  good  for  the  system  operation,  rather  than  what  is  good  for  the  overall  flying  task. 


The  real  problems  of  survival  and  avoidance  of  terminal  flight  safety  hazards  in  high  speed  low 
altitude  flight  and  air  combat/offensive  operations,  demand  that  for  future  aircraft  we  should  always 
place  the  flying  task  as  the  main  criteria  and  attempt  to  fit  system  operations  to  it.  Unless  we  choose 
our  priorities  in  this  fashion  we  will  continue  to  run  the  risk  of  producing  exceptionally  good  systems 
which  are  incapable  of  use  by  the  pilot  at  the  time  when  he  irost  needs  their  assistance." 

6.  Conclusion 

In  this  paper  I  have  attempted  to  show  how  considerations  of  human  factors  in  the  design  of  controls  and 
displays  can  reduce  pilot  workload  and  improve  operational  efficiency.  The  high  speed  low  level  task  is 
very  demanding  and  the  pilots  visual  channel  in  particular  is  heavily  loaded.  Consequently  the  pilot 
should  not  have  to  look  at  controls  when  operating  them  and  displays  should  be  capable  of  swift  interp¬ 
retation  leaving  the  visual  channel  as  free  as  possible  for  the  vital  outside  world  inputs.  Collimated 
helmet,  head  up  and  head  down  displays  can  improve  the  visual  data  gathering  process  through  eliminating 
the  refocussing  time  delays  and  colour  displays  can  reduce  scan  times  through  identifying  the  priority 
elements  of  the  format.  Human  factors  considerations  throughout  the  design  stages  will  iaprove 
operational  efficiency  and  safety  and  help  realise  the  full  potential  of  modem  avionic  systems. 
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Colour  Displays:  Their  Availability,  Performance 

and  Application  to  Improved  Crew  Efficiency 
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AIRPORT  WORKS,  ROCHESTER,  KENT  ME1  2XX,  UK 

Summary 

High  performance  monochrome  crt  displays  have  proved  both  acceptable  and  even  essential 
in  efficiently  presenting  complex  data  to  flight  crew.  Their  usefulness  is  particularly 
enhanced  by  their  inherent  flexibility  through  re-configuration  and  operation  as  mode 
dependent  multi-function  displays.  The  experience  and  confidence  gained  with  electronic 
display  systems  in  modern  military  aircraft  have  contributed  to  the  fact  that  the  next 
generation  cockpit,  is  likely  to  make  very  extensive  use  of  crt  displays.  In  view  of  the 
primary  and  therefore  critical  contribution  of  crt  displays  to  the  mission  task,  it  is 
essential  that  every  reasonable  effort  is  made  to  ensure  that  informi tion  is  presented  in 
the  most  easily  assimilated  form.  A  colour  capability  will  undoubtedly  help  in  this 
regard  provided  too  great  a  penalty  is  not  paid  in  other  areas. 

It  now  appears  feasible  to  provide  the  aircrew  with  a  display  with  full  colour  capability 
and  a  generally  acceptable  performance  level. 

This  paper  reviews  the  arguments  governing  the  choice  of  technique,  establishes  the  likely 
performance  parameters  and  suggests  guidelines  that  will  be  of  use  in  determining  how 
colour  will  be  used  to  enhance  the  presentation  of  information. 

1 .  INTRODUCTION 

The  thesis  that  the  pilot  is  now  both  pivotal  to  mission  success  and,  as  a  consequence, 
acts  as  the  ultimate  constraint  on  mission  performance  is  now  generally  accepted.  This 
has  never  been  more  true  than  in  the  low  level  high  speed  flight  regime.  While  it  is 
true  that  in  a  dual  seat  aircraft  tasks  can  be  shared  and  the  individual  work  loads  re¬ 
duced,  in  a  single  seat  aircraft,  possibly  operating  at  night  or  in  adverse  weather  and 
in  a  hostile  environment,  the  peak  workload  may  quite  easily  reach  unacceptably  high 
levels.  The  resultant  stress  on  the  pilot  will  tend  to  make  him  fly  higher  and  slower 
or  involuntarily  omit  actions  or  make  erroneous  ones.  Any  or  all  of  these  can  effect 
mission  performance  or  crew  survival. 

The  use  of  advanced  technology  in  the  form  of  multifunction  electronic  displays, 
processors,  sophisticated  sensors  and  other  automated  pilot  aids  is  increasing.  The 
need  for  an  integrated  approach  to  cockpit  design  is  self-evident  and  considerable  work 
is  taking  place  both  in  Europe  and  in  the  United  States  to  this  end.  Monochrome  nulti- 
function  electronic  displays  have  figured  in  this  work,  and  indeed  have  now  reached  a 
high  level  of  maturity  and  acceptance.  Good  display  system  design  provides  flight  and 
mission  data  to  the  crew  as  efficiently  as  possible,  making  optimum  use  of  the  vast  amount 
of  information  available  in  a  modern  aircraft  and  aims  to  avoid  overloading  instrument 
panel  space  or  the  crew  information  channels.  But  there  are  inevitably  times  when  work¬ 
load  reaches  such  a  pitch  that  tasks  are  voluntarily  or  involuntarily  rejected,  error 
rates  increase,  and  performance  is  degraded  to  a  greater  or  lesser  extent.  It  is  under 
these  circumstances  that  the  extra  dimension  of  colour  in  the  displays  could  provide  an 
additional  benefit:  used  correctly,  colour  has  the  potential  of  reducing  scan  times  and 
,rror  rates. 

Monochrome  cockpit  displays  have  been  very  largely  brought  to  their  present  reliable 
performance  levels  over  the  last  decade.  System  designers  and  crew  have  learnt  to  live 
with  the  single  colour  and  to  use  it  effectively.  However,  few  would  deny  that,  were  it 
available,  there  would  be  a  strong  subjective  preference  for  colour.  In  recent  years, 
we  have  seen  the  mtroducti  n  of  penetration  phosphor  colour  displays  in  the  tactical  and 
command  and  control  environment.  They  could  even  have  some  limited  application  in  an 
exposed  cockpit  environment.  Since  then  the  use  ot  multicolour  shadowmesk  weather 
radar  displays  has  become  c-.nmonplace  in  the  general  aviation  cockpit  and,  most  recently, 
the  latest  generation  of  c.vil  transport  have  adopted  more  advanced  shadownask  displays, 
to  provide  primary  flight  :  istrumentation. 

It  would  seem  that  the  military  cockpit  has  been  lagging  in  applying  these  new 
technologies:  in  fact,  they  are  not  truly  compatible  with  the  demanding  military 

environment.  Now,  a  third  technology  based  on  beam  indexed  colour  erts,  promises  to 
meet  military  needs.  This  paper  outlines  the  performance  expected  and  suggests  ways 
in  which  the  colour  capability  might  initially  be  applied. 

2.  TECHNOLOGY  SELECTION 

Any  discussion  of  the  use  of  colour  erts  should  be  prefaced  by  the  consideration  .-f 
application  of  monochrome  electronic  displays  in  the  exposed  military  cockpit  environment. 
Three  key  design  tasks  have  included: 

•  achieving  adequate  display  luminance  and  contrast  in  bright  sunlii 
environments. 
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•  ruggedising  the  relatively  simple  crt  to  enable  it  to  withstand  and 
maintain  adequate  performance  under  conditions  of  extreme  vibration. 

•  reduction  in  power  dissipation  through  raster  scan  technology. 

These  same  requirements  for  visibility,  ruggedness,  and  power  dissipation  have  restricted 
the  use  of  colour  until  now.  The  choice  of  available  colour  crt  technologies  is  in 
practice  restricted  to  three,  see  figure  1: 

•  penetration  phosphor 

•  shadowmask 

•  beam  indexing 

To  understand  the  performance  achievable  with  these  devices,  it  is  necessary  to  krow  a 
little  of  their  method  of  operation. 

2.1  Penetration  phosphor  consists  in  principle  of  a  dual  layer  of  green  and  red  phosphor 
or<  the  crt  screen.  The  electron  beam  is  able  to  reach  the  red  phosphor  at  relatively  low 
energy  levels, but  when  the  anode  potential  is  increased  significantly,  the  beam  penetrates 
to  the  green  phosphor  causing  both  red  and  green  light  to  be  emitted  simultaneously. 
Although  the  red  emission  is  considerably  less  bright  than  the  green  under  such  circ¬ 
umstances,  it  nevertheless  causes  the  green  tc  take  on  a  more  yellowish  hue  as  it  moves 
a  little  towards  the  red  end  of  the  spectrum.  This  effect  can  be  understood  with 
reference  to  the  standard  CIE  chromaticity  chart,  figure  2.  The  low  brightness  of  the 
red  can  in  part  be  compensated  by  drawing  red  symbols  more  slowly  or  more  frequently, 
effectively  increasing  beam  current  density  and  hence  symbol  luminance.  Several 
corollaries  follow: 

(1)  Because  of  the  relatively  lengthy  tasks  of  switching  high  voltage  levels,  ’t  is  not 
practical  to  raster  scan  a  penetration  phosphor  colour  display.  While  this  could  be 
achieved  by  arranging  colours  field  sequentially.it  would  result  in  unacceptably  low 
brightness.  In  practice,  penetration  crts  use  stroke  writing,  enabling  energy  densities 
to  be  kept  high  but  restricting  considerably  the  type  of  formats  that  can  be  displayed. 

To  increase  symbol  quantities  in  red  or  amber  takes  more  time,  and  as  a  consequence, 
lesults  in  a  brightness  reduction. 

(2)  The  use  of  only  two  phosphors  implies  that  only  colours  on  the  red/green  colour  axis 
can  be  generated,  figure  2,  Because  cf  desaturating  effects  on  these  colours,  caused 
by:. 


•  the  penetration  phosphor  itself 

•  ambient  illumination 

•  peripheral  vision 

at  the  very  best,  it  is  only  possible  to  define  three  usable  colours,  red,  amber  and 
yellowish  green,  which  have  sufficient  colour  difference  to  be  identifiable  under  most 
conditions.  Clearly  this  is  an  unacceptable  limitation  on  colour  format  design  to  the 
point  when  the  returns  in  the  form  of  colour  coding  do  not  match  the  cost/reliability 
penalties  of  greater  complexity. 

(3)  The  single  penetration  tube  gun  can  be  designed  to  be  as  simple  and  rugged  as  those 
currently  used  and  proven  in  monochrome  erts  as  can  the  remainder  of  the  bulb  and 
phosphor  screen. 

(4)  As  beam  scanning  speeds  are  restricted  to  maintain  adequate  brightness  levels, 
display  power  dissipation  does  not  usually  exceed  acceptable  levels  despite  the  more 
complex  high  voltage  switching  requirements. 

2.2  By  comoarison,  the  familiar  shawowmask  crt  technology  differs  considerably  in  terms 
of  its  design  approach,  figure  1,  and  its  coi responding  benefits  and  disadvantages. 

In  this  case  a  complex  triple  gun  allows  three  closely  aligned  electron  beams  +o  be 
modulated  with  their  respective  red,  green  and  blue  information  simultaneously.  Each 
beam  is  constrained  by  an  aperture  grill  to  fall  on  the  corresponding  coloured  phosphor 
arranged  in  dots  or  stripes  on  the  tube  face: 

(1)  the  third  phosnhor  (blue)  permits  the  selection  of  a  much  broader  range  of  sptctral 
and  non  spectral  co.ours,  figure  2. 

(2)  the  aperture  grill  absorbs  some  80  percent  of  beam  energy,  making  the  shadowmask 
approach  less  efficient.  As  a  result,  l—.ster  scanning,  although  feasible,  and  of  course 
commonplace  m  domestic  television,  does  not  produce  the  brightness  necessary  for  viewing 
in  an  exposed  cockpit:'  again, '.he  display  must  be  stroke  written,  restricting  the  type  of 
formats  practically  achievable. 

(3)  the  relatively  fragile  aperture  grill  and  the  more  complex  gun  inevitably  introduce 
disturbing  problems  in  the  high  vibration  military  environment.  The  sensitivity  of  per¬ 
ceived  colour  to  such  factors  as  beam  convergence,  magnetic  fields  etc.  is  also  oi  concern. 
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(4)  because  of  the  energy  dissipation  in  the  aperture  grill,  power  dissipation  is  high. 
Another  related  factor  is  that  a  significant  amount  of  the  beam  energy  is  dissipated  as 
X-radiation,  a  potential  problem  multiplied  in  a  multi-crt  cockpit  configuration. 

2.3  Beam  indexed  erts  on  the  other  hand  use  only  a  single  gun  which  scans  phosphor 
stripes  on  the  tube  lace  in  a  television  roster.  The  phosphor  stiipes  are  a:  ranged  in 
red,  green  and  blue  triplets,  the  single  video  signal  being  modulated  with  red,  green 
and  blue  information  as  the  beam  scans  the  appropriate  phosphor.  The  frequency  and 
phase  of  the  video  modulation  is  provided  by  a  feedback  signal  derived  from  the  faceplate 
itself,  figure  1.  As  the  beam  soars  the  phosnhor  so  an  indexing  signal  is  generated 
which  identifies  the  phosphor  colour  that  the  beam  is  energising  and  causes  the  video  to 
be  modulated  appropriately. 

A  number  of  methods  have  been  devised  to  generate  the  index  signal  and  it  is  beyond  the 
scope  of  this  paper  to  discuss  their  merits.  Suffice  it  to  say  that  beam  indexing 
systems  have  been  under  laboratory  development  for  more  than  twenty  years.  Such  systems 
have  not  succeeded  in  ousting  the  conventional  and  entrenched  shadowmask  displays  m  the 
domestic  market  place.  However,  the  peculiar  demands  of  the  military  cockpit  environ¬ 
ment  make  the  approach  much  more  attractive,  particularly  in  the  light  of  recent 
electronic  component  development.  Beam  indexed  erts  have  the  multiple  colour  capability 
of  shadowmask  systems  but  they  suffer  from  no  aperture  grill  inefficiencies.  As  a 
result,  brightness  is  appreciably  higher  while  energy  dissipation,  both  thermal  and  X- 
radiation  is  significantly  less. 

The  relative  merits  of  the  three  technologies  are  summarised  in  table  1  and  a  clear 
advantage  to  beam  indexing  is  apparent.  It  is  this  colour  technique  which  is  believed 
to  hold  the  best  prospect  for  general  military  cockpit  use  and  is  the  basis  for  the 
discussion  which  follows. 

3.  DISPLAY  PERFORMANCE 

The  three  main  factors  wnich  alfect  the  efficiency  of  a  colour  display  are  luminance, 
contrast  and  chromaticity  (hue-  and  saturation; .  The  first  two  can  be  considered  to 
govern  the  legibility  of  the  display  while  the  las*'  indicates  the  information  content 
of  the  colour  code. 

The  sensitivity  of  the  eye  to  cciour  varies  across  the  spectrum  and  it  is  most  sensitive 
to  yellowish-green  light.  The  sensitivity  ratio  of  the  three  primaries  customarily 
used  in  television,  red,  green,  blue,  is  approximately  3:8:1.  In  other  words,  green 
appears  brighter  than  red  which  is  brighter  than  blue  even  though  the  same  team  energy 
is  energising  each  phosphor.  These  three  primary  colours  may  be  combined  m  various 
proportions  to  give  the  other  colours  shown  on  the  stardard  CIE  colour  chart,-  fjgure  2. 
Since  luminance  values  are  additive,  tne  luminance  of  a  colour  is  the  sum  ol  the  luminance 
values  of  its  constituent  primaries.  Thus  the  brightest  colours  are  those  with  a  high 
proportion  of  green  and  the  dimmest  contains  only  blue.  By  simple  additive  methods, 
the  luminance  of  any  television  colour  ca::  be  found  if  the  luminance  of  ats  constituents 
are  already  known. 

Note  however,  that  the  above  relative  sensitivities  are  lr  respect  of  foveal  vision: 
peripheral  vision  can  cause  apparently  arbitrary  and  quire  striking  changes  to  the  ratio, 
for  example  blue  is  most  effective  as  a  colour  (with  most  people)  m  the  periphery. 

The  standard  CIE  colour  chart  gives  the  x,  y  co-ordinates  oi  the  different  speitral  and 
non-spectral  colours  but  does  not  rpadily  reflect  rUe  ability  of  the  eye  to  discriminate 
between  the  different  Vilues.  Eor  this  reason,  an  axis  transformation  is  requireu  which 
results  in  the  Uniform  Chromaticity  Scale  (UC3)  shown  m  figure  3  where  equal  distance 
implies  equal  visual  discrimination.  The  chart  indicates  which  colours  can  easily  be 
discriminated  visually:  for  example,  since  the  distance  from  green  to  orange  * o  twice 
that  from  green  to  yellow,  it  follows  that  it  is  easier  to  discriminate  between  green 
and  rrange  than  it  is  to  discriminate  between  green  and  yellow.  It  should  bo  noted 
however,  that  individual  phosphors  are  not  perfectly  saturated  hues:  to  a  greater  or 
lesser  extent  they  emit  broad  soectrum  (white)  light  in  addition  to  their  dominant  wave¬ 
length.  This  desaturatjon  is  even  more  apparent  when  one  considers  simultaneous 
energising  of  phosphors:  for  example,  the  addition  of  yellow  and  blue  can  result  in 
completely  desatu^ated  white.  This  efiect  tends  to  decrease  discrimination  as  i  ldividual 
colours  approach  each  other  on  the  diagram  and  can  occur  either  deliberately  when  the 
number  of  colour  codes  are  increased  by  mixlng  different  combinations  of  the  three 
primaries,  or  inadvertently  when  the  display  energises  other  phosphors  in  addition  the 
one  intended  or  incident  sunlight  is  reflected  from  the  phosphor,  an  efficient  lambertian 
reflector.  Of  course,  ooth  these  last  factors  can  be  minimised  by  good  design,  by 
control  of  the  electron  beam  on  the  one  hand  and  by  the  use  of  contrast  enhancing  face¬ 
plate  filters  on  the  other.  Nonetheless,  chromaticity  differences  are  reduced  as 
ambient  illumination  is  increased,  and  with  it,  the  abiljt>  of  the  crew  to  extract  the 
information  inferred  by  the  colour  code  u«ed.  It  is  one  of  the  reasons  why  redundancy 
coding  is  preferred,  for  example  symbol  shape  in  addition  to  colour. 

The  two  factors,  luminance  and  chromaticity  can  be  related  to  yield  a  total  colour 
contrast.  One  method  of  doing  this  is  to  construct  a  suitably  scaled  luminance  third 
axis  perpendicular  to  the  figure  3  chart.  The  colour  contrast  of  selected  colours  is 
then  the  geometric  sum  of  their  chromaticity  diffeience  and  luminance  contrast. 

One  purpose  of  this  method  is  to  establish  whether  colours  can  be  varied  slightly  to 


improve  their  egibility.  Although  the  eye  is  more  sensitive  t  chromaticity 
difference  than  luminance  contrast,  the  most  important  factor  whin  viewing  the  display 
in  bright  cockpit  illumination  conditions  is  total  colour  contrast,  hence  it  is 
important  to  select  colours  which  are  as  bright  as  possible  while  still  retaining 
sufficient  chromaticity  difference. 

For  example,  the  primary  blue  used  in  domestic  television  is  sit"ated.  for  colour 
fidelity,  in  the  bottom  left  corner  of  the  CIE  chart  near  the  boundary  of  the  visible 
spectrum.  However,  such  colour  fidelity  is  not  a  dominant  factor  in  a  cockpit  d  .splay, 
colour  contrast  is.  Thus  the  blue  colour  selected  for  a  symbol  can  be  of  a  longer 
wavelength  and  hence  be  of  greater  luminance,  but  still  of  comparable  chromaticity 
difference  to  other  selected  colours. 

This  longer  blue  wavelength  can  be  achieved  by  adding  green  to  the  blue  video  so  that 
the  colour  achieved,  while  still  within  the  "blue"  region  of  figure  2,  exhibits 
significantly  greater  luminance.  For  some  symbols,  particularly  the  smaller  alpha 
numerics,  this  technique  has  the  further  advantage  of  producing  better  symbol  definition 
on  the  screen.  The  phosphor  stripe  structure  causes  the  symbol  to  be  constructed  from 
samples  of  the  total  symbol  video.  If  only  one  of  the  primary  phosphors  is  energised, 
sampling  rates  are  reduced,  if  two,  they  are  doubled,  and  if  three  as  with  wnite  video, 
the  integrating  effect  of  the  eye  results  in  the  symbol  or  scene  having  a  comparably 
high  resolution  to  a  monochrome  screen. 

The  anticipated  theoretical  performance  of  a  typical  beam  indexed  colour  display  has  been 
calculated  and  is  shown  in  table  2.  Parameters  shown  are  based  on  extrapolations  on  the 
known  performance  of  efficient  monochrome  displays  and  assume  the  use  of  The  pri. lary 
colours  employed  in  the  NTSC  colour  television  system  which  have  CIE  coordinates  indicated. 
The  unenhanced  blue  primary  has  (x,  y)  coordinates  of  (.14,  .08).  Note  that  for  the 
reasons  mentioned  earlier  the  actual  hues  perceived  will  be  desaturated  by  comparison 
with  the  ideal  values  shown  in  the  table. 

It  has  been  established  that  the  minimum  luminance  contrast  ratio  that  can  be  detected 
is  around  1:1.05  and  that  a  ratio  of  1:1.4  is  easily  and  comfortably  detected. 

Similarly,  it  has  been  shown  that  the  minimum  chromaticity  difference  on  the  U"  scale 
that  is  detectable  is  about  0.00384  and  that  a  difference  of  0.027  is  easily  and 
comfortably  detected.  Accordingly,  these  values  have  been  used  to  scale  the  luminance 
contrast  axis  perpendicular  to  the  UCS  chart  as  mentioned  earlier.  The  resultant  colour 
contrast  for  a  typical  beam  indexed  display  is  shown  in  table  3.  It  should  be  noted 
that  all  the  values  shown  for  the  eight  colours  considered  are  greater,  many  significantly 
greater,  than  the  value  of  0.6  established  as  the  colour  contrast  level  necessary  to 
ensure  comfortable  detection  of  a  symbol. 

It  is  anticipated  that  more  sophisticated  filters  than  the  simple  neutral  density  one 
assumed  in  the  calculations  will  give  rise  to  an  overall  improvement  in  colour  contrast. 

The  sensitivity  of  the  eye  to  cockpit  display  brightness  is  temporarily  reduced  during 
the  adaptation  period  following  viewing  of  a  bright  outsiue  world  sceno.  It  has  not 
been  possible  to  consider  this  aspect  here,  but  work  with  monochrome  displays  has 
indicated  that  an  omnidirectional  autobrilliance  sensor  can  help  in  this  regard, 
increasing  the  display  brightness  with  increasing  outside  world  l1 lumination  rather  than 
merely  controlling  the  display  brightness  as  a  function  of  the  ambient  liaht  incident,  on 
the  screen  itself. 

4.  USE  OF  COIOUR 

There  are  many  ways  of  conveying  information  visually,  by  pattern,  size,  shape, intensity , 
flashing  and  colour.  Each  method  has  different  merits:  for  example,  colour  has  proved 
extremely  effective  in  aiding  a  search  task.  The  eye  will  rapidly  scan  a  complex  display 
picking  out  a  known  target  colour,  rejecting  other  irrelevant  factors.  This  effective¬ 
ness  can  be  increased  when  colour  is  used  redundantly  with  another  coding  dimension  such 
as  shape.  However,  it  is  quite  possible  to  confuse  the  task  and  destroy  the  effective¬ 
ness  of  colour  coding  by  using  it  indiscriminately.  Available  references  on  the  use  of 
colour  to  usefully  convey  information  all  agree  that  it  -'-ould  be  used  sparingly  and  with 
caution. 

It  appears  that  the  use  of  colour  should  be  systematis  ,  id  on: 

•  accepted  usage 

•  display  performance 

•  human  visual  response 

One  is  reminded  that  monochrome  display  formats  can  in  general  be  devised  to  provide  a1.1 
the  required  information.  Colour  can  best  be  used  to  enhance  crew  performance  in 
recognising  situations  or  in  search  tasks.  In  this  way  task  times  can  be  r<  <:  ;cd, allow¬ 
ing  more  time  to  oe  spent  on  critical  activities  that  otherwise  suffer  oiriss  ons  cr  errors 
m  a  peak  workload  environment. 

A  useful  initial  gui-^e  to  the  use  of  colour  based  on  the  accepted  cockpit  conventions  is 
given  in  MIL-STD-1472B  recommendations,  summarised  in  table  4.  Note  tha+  otter 
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specifications  govern  the  actual  range  O'*  hue  for  these  colours.  In  terms  of 
redundant  use  of  colour  for  warnings,  table  5  compares  the  use  of  colour  with  the 
conventions  used  on  some  current,  monochrome  displays.  Not  only  does  the  redundant 
use  of  colour  serve  to  accentuate  information,  if  the  hue  is  lost  for  some  reason,  the 
information  content  will  still  be  available  to  the  crew  by  interpretation  of  symbol 
shape,  flashing  etc.  Loss  of  colour  might  occur  for  example  when: 

•  the  display  is  viewed  peripherally  -  all  colours  being  seen  as  white. 

•  display  performance/ ambient  conditions  are  such  as  to  cause  sufficient 
hue  desaturation  that  the  eye  cannot  easily  discern  colour  differences. 

«  the  display  fails  with  the  indexing  circuit  open  loop  resulting  in  a 
monochrome  display. 

•  deliberate  manual  crew  intervention  to  select  a  monochrome  display,  e.g. 
red  to  preserve  night  vision. 

Another  example  of  the  use  of  colour  is  in  the  conventional  ADI  where  blue  represents 
pitch  angles  above  the  horizontal,  a  very  clear  indication  of  the  direction  of  "up". 
Although  blue  is  less  effective  for  small  symbols,  the  larger  area  provided  by  the  "sky" 
colour  is  most  demanding  and  effective  a  long  way  in  to  the  periphery. 

Uses  for  some  5  colours  have  been  identified  in  this  discussion  so  far,  red,  yellow, 
green,  blue  and  white.  A  number  of  authorities  recommend  the  use  of  only  3  to  5  hues, 
suggesting  that  more  will  only  tend  to  confuse  a  viewer.  While  this  opinion  should  be 
accepted,  it  is  recommended  that  any  display  should  be  basically  capable  of  generating 
more  colours  to  ensure  good  colour  conti ast  and  to  permit  growth  to  more  complex  use  of 
colour  in  some  formats  should  this  prove  desirable  in  the  future.  It  is  notable  that 

quite  an  extensive  range  of  colours  is  planned  for  use  in  the  civil  transport  electronic 
flight  instruments  currently  under  development. 

The  use  of  white  deserves  special  mention,  it  provides  the  best  resolution  and  it  can  be 
achieved  by  applying  video  to  the  crt  unmodulated  by  the  indexing  signal  in  either  raster 
scan  or  stroke  writing  modes.  It  provides  the  greatest  peak  brightness  at  a  reasonable 
contrast  level.  As  such  it  should  probably  be  used  to  display  imaging  sensor  information, 
any  symbol  overlays  being  achieved  in  one  of  the  other  colours.  However,  it  should  be 
noted  that  this  use  of  white  will  not  result  in  the  same  high  level  of  contrast  and 
number  of  grey  shades  achieved  with  current  monochrome  displays  unless  a  striking  increase 
is  made  in  contrast  enhancement  filter  efficiency  or  the  display  is  used  in  such  a  way 
that  ambient  light  is  not  incident  directly  on  it. 

A  further  factor  to  consider  is  the  likely  use  of  multiple  displays  in  the  cockpit.  It 
is  important  that  they  are  used  consistently,  particularly  with  regard  to: 

•  hu? 

•  saturation 

•  luminance 

•  use  of  colour 

Such  needs  may  tend  to  drive  the  cockpit  designer  towards  the  use  of  a  well  specified 
and  standardised  display  technology,  if  not  to  actual  standard  displays. 

The  scale  of  the  integration  and  task  and  range  of  standardisation  required  is  indicated 
in  part  by  figure  4  which  suggests  some  of  the  many  different  format  categor’.’s  that 
would  be  required  to  be  considered. 

5.  CONCLUSION 

Current  studies  suggest  that  beam  indexed  displays  are  likely  to  be  available  for  air¬ 
borne  use  in  the  early  1980s.  It  is  notable  that  studies  in  the  use  of  colour  carried 
out  to  date  cannot  have  been  completely  representative  as  suitable  high  performance  hard¬ 
ware  has  not  been  available  for  use  under  operational  conditions. 

The  potential  for  crew  performance  enhancement  offered  by  beam  indexed  colour  displays 
suggests  that  their  cost-effectiveness  should  be  evaluated  for  the  next  generation 
fighters  likely  to  be  used  extensively  in  the  demanding  high  work-load  environment 
created  by  low  level  high  speed  flight. 
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Figure  4  Multiple  Display  Consistency 


PRIMARY 

PHOSPHOR 


USABLE 

COLOURS 


RASTER  SCAN 
FEASIBLE 


ADEQUATE 

CONTRAST 


RUGGEDNESS 


POWER 

DISSIPATION 


PENETRATION  SHADOW 
PHOSPHOR  MASK 


ACCEPTABLE 


BEAM 

INDEX 


HIGH 


ACCEPTABLE 


X  RADIATION 


ACCEPTABLE 


HIGH 


ACCEPTABLE 


Table  1  Colour  Display  Techniques 
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LUMINANCE  OF 
PRIMARY 
CONSTITUENTS 

PEAK 

LUMINANCE 
BEFORE  FILTER 

CIE 

CO-ORDINATES 

DISPLAY  COLOUR 

RED 

GREEN 

BLUE 

Ft.  L 

X, 

Y 

u, 

V 

RED 

250 

- 

- 

250 

.67 

.33 

.48 

.35 

GREEN 

- 

500 

- 

500 

.21 

.71 

.08 

.38 

CYAN 

- 

200 

80 

280 

.16 

.22 

.12 

.25 

WHITE 

250 

500 

80 

830 

.31 

.32 

.20 

.31 

PURPLE 

97 

- 

80 

177 

.26 

.13 

.26 

.19 

MAGENTA 

250 

- 

55 

305 

.43 

.21 

.37 

.27 

ORANGE 

250 

170 

- 

420 

.57 

.42 

.33 

.37 

YELLOW 

250 

390 

- 

640 

_ i 

.48 

.48 

.25 

.37 

Table  2  Display  Colour  Characteristics 


OBSERVED 

SYMBOL  COLOUR  CONTRAST  AGAINST  DIFFERENT  BACKGROUND  COLOURS 

PEAK 

IN  AN  AMBIENT  ILLUMINATION  OF  105 

LUX 

SYMBOL 

LUMINANCE 
Ft  LAMBERTS 

— 

— 

‘  1 

'1 

- 

- - 

(10%  Neutral 
Density  Filter) 

RED 

GREEN 

CYAN 

WHITE 

PURPLE 

MAGENTA 

ORANGE 

YELLOW 

BLACK 

RED 

25 

0 

1.52 

1.46 

0  95 

1  26 

0  82 

0  69 

0  85 

1  26 

GREEN 

50 

0 

1  25 

0.91 

| 

1.63 

1  64 

1  32 

1  00 

1.36 

CYAN 

26 

0 

0.71 

0.96 

1  20 

1  28 

1  15 

1.11 

WHITE 

83 

0 

1  36 

1  27 

1  12 

0.94 

1.46 

PURPLE 

17.5 

0 

0  85 

1  14 

1  18 

1  11 

MAGENTA 

30.5 

0 

0.88 

1  00 

1  22 

ORANGE 

42 

0 

0  68 

1  24 

YELLOW 

64 

0 

1  38  5 

Table  3  Theoretical  Colour  Contrast 


19-12 


(MIL  STD  1472B  RECOMMENDATIONS) 


COLOUR 

STATE 

RESULT 

Flashing 

Red 

Emergency 

Immediate 

operator 

action 

Red 

Alert 

Corrective/ 
override  action 
must  be  taken 

Yellow 

Advise 

Caution; 
recheck  is 
necessary 

Green 

Proceed 

Condition 

satisfactory 

White 

Transitory 

Function 

No  “right” 
or  “wrong” 
indication 

s  Blue 

fN 

iO 

o 

Advisory 

Should  be 
avoided 

Table  4  Accepted  Usage 


CONDITION 

MONOCHROME 

COLOUR 

Emergency 

Flashing 

Flashing 

Red 

Area 

Alert 

Area 

Contrast 

Yellow 

Caution 

Inverted 

Contrast 

Area 

Invertion 

Normal 

Operation 

Positive 

Contrast 

Symbol 

Green  or 
White 
Positive 
Contrast 

Table  5  Redundancy 
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SUMMARY 

There  is  considerable  interest  in  the  use  of  helmet-mounted  devices  worn  by  pilots 
of  military  aircraft  whilst  flying  at  high  speed  and  low  level.  It  has  been  anticipated 
that  the  buffeting  vibration  associated  with  this  flight  regime  could  affect  the  use  and 
design  requirements  of  helmet-mounted  devices,  and  this  paper  reports  the  results  from 
two  relevant  simulation  experiments.  The  first  assessed  the  amount  of  movement  occurring 
between  the  pilot's  helmet  and  his  eyes,  whilst  the  second  concerned  the  legibility  of 
information  presented  on  an  experimental  LED  matrix  display. 

It  was  concluded  that  aircraft  vibration  did  not  cause  significant  helmet  movement, 
in  comparison  with  natural  voluntary  head  motion,  and  that  the  degrading  effect  of  air¬ 
craft  vibration  on  the  legibility  of  displayed  information  could  be  counteracted  using  a 
brighter  display. 


1  INTRODUCTION 

During  low-level  high-speed  flight  in  military  aircraft  the  turbulence  encountered 
can  subject  the  pilot  to  violent  body  vibrations.  It  is  of  considerable  interest  to  the 
designers  and  users  of  helmet-mounted  sights  and  displays  to  know  what  consequences  these 
irregular  forces  have  on  the  design  requirements  of  helmet-mounted  devices. 

This  paper  describes  two  separate  simulation  studies,  the  first  concerned  with 
measurements  of  the  movement  of  the  pilot's  flying  helmet  relative  to  his  eyes,  whilst 
the  secord  is  an  assessment  of  the  legibility  of  information  projected  from  a  novel  form 
of  helmet-mounted  display,  in  which  the  image  is  derived  from  a  matrix  of  light-emitting 
diodes. 

2  MOVEMENT  OF  A  PILOT'S  HELMET  DURING  SIMULATED  LOW-LEVEL  HIGH-SPEED  FLIGH1 

All  the  present  forms  of  helmet-mounted  sight  or  display  incorporate  an  image  source 
together  with  a  means  of  collecting  and  redirecting  the  emitted  light  so  that  it  enters 
one  of  the  pilot's  eyes,  enabling  him  to  see  a  clear  bright  virtual  image  superimposed 
upon  the  normal  scene.  These  electronic  and  optical  components  are  attached  to  the 
helmet,  so  that  displacement  of  the  helmet  relative  to  the  pilot's  display-viewing  eye 
can  move  his  eye  beyond  the  exit  pupil  of  the  optics.  Although  it  is  known1  that  the 
inertial  forces  arising  during  turning  manoeuvres  can  cause  considerable  helmet  movement 
relative  to  the  pilot's  eyes,  little  was  known  about  the  magnitude  of  helmet  displace¬ 
ments  resulting  from  aircraft  buffet  vibration.  This  experiment  was  conducted  primarily 
to  assess  the  latter,  but  it  was  also  of  interest  to  compare  the  movement  of  the  current 
RAF  Mk  3B  helmet  with  that  of  the  USAF  HGU  22/P  helmet,  and  to  assess  the  effect  of 
attaching  a  helmet-mounted  display  device  to  the  latter. 

2.1  Experimental  method 

2.1.1  The  displacement  measuring  system 

The  essential  requirement  for  this  experiment  was  a  mean0*  of  measuring  the 
displacement  of  the  helmet  shell  relative  to  the  wearer's  right  eye,  arranged  si  that 
this  measurement  system  neither  altered  the  helmet  weight  significantly  nor  perturbed  its 
movement. 


The  device  developed  fulfilled  these  requirements  satisfactorily,  and  produced 
separate  electronic  signals,  corresponding  to  vertical  (Z)  and  horizontal  (Y)  displace¬ 
ments,  which  were  reasonably  linear  within  5  mm  of  the  centre.  The  basis  of  the  system 
was  a  position-sensitive  photodiode  attached  to  the  helmet,  arranged  to  receive  the 
image  of  a  small  lamp  mounted  on  an  extension  from  a  bite-bar  held  between  the  subject's 
teeth.  The  lamp  filament  was  thus  attached  rigidly  to  the  skull  and  could  be  positioned 
12  mm  in  front  of  the  subject's  right  eye.  The  optical  arrangement,  illustrated  in  Fig  1 
was  such  that  any  paraxial  movement  of  the  filament  relative  to  the  lens  and  photodiode 
moved  the  image  of  the  filament  across  the  photodiode  surface,  and  hence  produced  stable 
signals.  The  photodiode  and  lens  assembly  was  mounted  on  the  helmet  shell  using  alloy 
brackets,  as  illustrated  in  Fig  2.  For  the  Mk  3B  helmet  this  necessitated  removal  of  the 
vizor,  but  the  bracket  for  the  USAF  helmet  was  made  as  an  extension  of  the  oxygen-mask 
fixing  plate.  The  oxygen-mask  was  itself  modified  to  allow  the  bite-bar  to  protrude 
forward  by  removing  the  microphone  and  an  annulus  of  rubber. 


2.1.2  The  helmets 


Although  only  two  types  of  helmet  were  considered,  the  USAF  helmet  could  be  used 
both  with  and  without  a  helmet-mounted  display  and  also  with  an  alternative  set  of 


s 
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'universal'  liners  replacing  the  standard  items.  This  resulted  in  five  helmet  conditions 
which  were  as  follows: 

Helmet  condition  A  -  in  which  the  USAF  helmet  was  fitted  with  artificial  foam 
'universal'  liners,  which  provided  a  eight  fit  by  virtue  of  the  time-dependent  resilience 
of  the  foam.  The  helmet  had  also  been  modified  to  accept  a  Hughes  Aircraft  Co  helmet- 
mounted  display  with  a  position-sensing  system,  and  RAF  type  oxygen-mask  and  earphones. 

Helmet  condition  B.  This  was  the  same  as  the  first,  with  the  addition  a  replica 
CRT  display  to  the  right  side  of  the  helmet. 

Helmet  condition  C.  In  this  condition  th^  USAF  helmet  was  used  with  the  standard 
'form-fit'  liners,  tailored  to  suit  the  individual  pilot.  This  technique  for  producing  a 
bespoke  helmet  made  use  of  a  rigid  plastic  foam  moulding  of  the  space  between  the 
wearer's  head  and  the  helmet  shell,  although  the  moulding  inner  surface  was  rendered  more 
compliant  and  comfortable  by  a  thin  soft  plastic  foam  layer  covered  with  leather. 
Modifications  to  the  shell  and  incorporation  of  the  display  coupling  were  as  for  the 
first  condition.  The  bespoke  liners  had  recei/ed  about  six  months  of  intermittent  flight 
use. 


Helmet  condition  D.  This  was  the  same  as  condition  C  but  with  the  addition  of  the 
replica  CRT  display. 

Helmet  condition  E  -  which  was  the  RAF  Mk  3B  helmet,  differing  from  the  USAF  helmet 
in  both  the  design  of  the  shell  and  the  form  of  the  suspension.  The  latter  was  made  from 
nylon  webbing,  attached  to  tne  shell  and  sewn  to  form  a  cradle  covering  the  wearer's 
crown,  so  that  contact  between  the  shell  and  the  skull  was  prevented  by  tensioning  the 
webbing.  The  position  and  fit  of  the  helmet  could  be  adjusted  by  drawstrings  acting  on 
the  webbing,  with  additional  stability  resulting  from  tension  applied  to  a  nape  strap  and 
the  ear-cups.  These  helmets  were  fitted  to  the  subjects  using  normal  operational 
criteria  for  tightness  and  comfort. 

2.1.3  The  subjects 

The  two  RAF  test  pilots  who  acted  as  subjects  for  this  experiment  were  chosen 
because  they  had  been  fitted  with  the  individually  tailored  liners  for  the  USAF  helmets. 
The  first  subject  was  near  average  but  the  second  was  considerably  larger,  in  both 
stature  and  head  size,  in  comparison  with  RAF  aircrew. 

2.1. 4  Simulation  of  aircraft  motion 

Simulated  aircraft  motion  was  produced  using  the  RAE  two-axis  man-carrying  rig, 
arranged  to  reproduce  accelerations  in  heave  and  sway  recorded  from  both  a  Canberra  and  a 
Phantom,  flown  at  250  feet  and  350  knots. 

The  frequency  response  of  the  rig  was  reasonably  constant  between  0.5  hertz  and 
25  hertz,  and  the  rms  acceleration  levels  were  about  0.25  g  in  heave  and  0.1  g  in  sway 
for  both  aircraft.  The  characteristics  of  the  Canberra  were  considered  to  be  realistic¬ 
ally  reproduced,  but  those  from  the  Phantom  seemed  less  authentic,  perhaps  because  of  the 
absence  of  significant  high  frequency  components. 

The  subjects  sat  in  a  Canberra  type  ejection  seat  and  used  harness  tensions 
appropriate  to  the  simulated  flight  regime, 

2.2  Experimental  procedure 

In  addition  to  using  the  five  helmet  conditions,  two  aircraft  motions  and  the  two 
subjects,  each  subject  was  asked  to  produce  two  types  of  head  motion.  In  the  first  case 
the  subject  was  asked  to  look  straight  ahead  as  though  aiming  the  helmet,  and  in  the 
second  he  was  asked  to  move  his  head  as  though  searching  for  other  aircraft  and  ground 
targets  during  flight.  During  both  these  head  motion  conditions  the  subject  underwent 
the  simulated  aircraft  vibration. 

Both  subjects  wore  the  different  helmets,  the  USAF  both  with  and  without  the 
replica  display  and  ith  both  types  of  liner,  experienced  the  Canberra  and  tne  Phantom 
vibration,  and  produced  minimal  or  searching  head  motions,  in  a  random  sequence  of 
combinations.  Signals  from  the  helmet  displacement  measuring  system  were  recorded  on  a 
fm  tape-recorder,  and  analysed  subsequently  using  a  Hewlett-Packard  signal  analyser. 

2.3  Results 

The  measurements  can  best  be  shown  as  the  locus  of  the  lamp  filament  with  respect 
to  the  lens  and  photodiode,  which  is  equivalent  to  the  right  eye  displacement  relative  to 
the  helmet  shell.  Two  such  loci,  recorded  over  2  minute  periods,  are  shown  in  Fig  3a&b, 
where  the  second  subject,  wearing  the  USAF  helmet  with  tailored  liners,  experienced  the 
Phantom  vibration.  In  Fig  3a,  whilst  maintaining  a  fixed  forward  direction  of  regard  the 
displacement  had  a  range  of  less  than  3  mm,  but  when  the  subject  produced  head  movements 
appropriate  tc  searching,  as  in  Fig  3b,  the  displacement  increased  considerably,  covering 
a  range  of  about  12  mm. 

An  analysis  of  variance  of  the  results  revealed  that  the  only  significant  factors 
were  this  substantial  effect  due  to  voluntary  head  motion,  and  a  difference  between  the 


displacements  due  to  the  different  manner  in  which  the  subjects  carried  out  their 
simulated  searching.  It  was  also  apparent  that  the  vertical  displacement  exceeded  the 
horizontal  when  subjects  minimised  their  involuntary  head  motion,  but  that  horizontal 
displacements  dominated  during  the  simulated  searching  trials.  Table  1  summarises  the 
results  as  the  average  rms  displacements,  in  both  the  horizontal  and  vertical  directions, 
for  the  significant  variables.  The  average  ranges  of  helmet  displacements  were 
approximately  four  times  these  rms  values. 

2.1)  Comments 

Although  the  statistical  basis  of  this  experiment  was  poor,  since  only  two  subjects 
were  used,  it  was  reasonably  evident  that  the  magnitude  of  helmet  movement  during 
simulated  low-level  high-speed  flight  was  in  the  order  of  a  few  millimetres  when  the 
wearer  attempted  to  minimise  his  head  movements.  In  contrast,  comparatively  large 
displacements  occurred  due  to  natural  head  motion,  and  any  effects  arising  from 
differences  between  helmet  types,  their  form  of  suspension,  the  addition  of  a  display,  or 
the  variety  of  aircraft  vibration  were  significantly  less  marked. 

It  is  suggested  that  helmet  displacement  on  the  wearer's  head  results  mainly  from 
angular  acceleration  of  the  head  and  the  rotational  compliance  of  the  human  scalp. 
Consequently  all  well-fitting  helmets  would  suffer  some  displacement  under  vibration, 
irrespective  of  their  detailed  design. 

3  LEGIBILITY  OF  A  HELMET-MJl'NTED  MATRIX  DISPLAY  DURING  SIMULATED  LOW-LEVEL  HIGH-SPEED 

FLIGHT 

3.1  The  matrix  display 

The  Flight  Automation  Research  Laboratory  of  Marconi  Avionics  has  devised  a  simple 
helmet-mounted  display  in  which  the  image  was  derived  from  a  miniature  matrix  of  light- 
emitting  diodes  (LEDs).  An  early  experimental  version  of  this  display  consisted  of  the 
LED  matrix,  and  its  subsidiary  circuit  boards  and  optics,  mounted  on  a  skeletal  head- 
band,  as  illustrated  in  Fig  *».  The  projected  image  was  seen  by  the  user  to  be  in  his 
normal  forward  direction  of  regard,  to  be  red  in  colour  and  have  an  angular  extent  of 
about  10  degrees.  The  format  is  illustrated  in  Fig  5,  and  includes  some  fixed  characters 
below  the  20  by  23  element  matrix. 

The  LED  matrix  was  operated  by  switching  an  energising  current  to  a  chosen  element, 
which  emitted  light  when  energised.  Although  only  one  element  could  therefore  emit  at 
any  instant,  a  format  could  be  displayed  by  energising  the  necessary  elements  in  sequence 
and,  providing  the  cyclic  rate  was  sufficient,  no  flickering  or  discontinuity  was 
normally  apparent.  The  repetitive  sequence  of  element  address  codes  was  sent  from  a 
computer  to  the  head-mounted  electronics  as  a  BCD  pulse  train  along  a  single  cable  and, 
since  each  address  code  took  250  us  to  transmit,  a  set  of  characters  made  up  from  *40 
elements  could  be  repeated  100  times  per  second. 

The  optical  projection  system  consisted  of  a  glass  prism,  which  collected  the  light 
from  the  downward-facing  matrix,  and  a  spherical  section  combiner,  which  reflected  the 
light  into  the  user's  right  eye.  In  this  experimental  version  of  the  display  the 
combiner  glass  was  inserted  into  the  vizor  attached  to  the  brow  of  the  head-band.  In  use, 
the  device  gave  an  unrestricted  view  to  the  left  eye,  but  the  right  eye  looked  through  an 
area  of  confusion,  produced  by  the  circular  joint  between  the  combiner  and  the  vizor. 

The  right  eye's  view  was  also  tinted  blue  because  the  combiner  was  coated  with  a  dichroic 
layer  having  a  high  reflectivity  for  the  red  image -forming  light. 

3.2  Object  of  the  simulation 

It  had  been  anticipated  that  some  difficulty  in  perceiving  the  display  image  could 
arise  due  to  a  combination  of  high  background  light  level  and  the  irregular  body 
vibration  due  to  high-speed  low-level  flight.  In  order  to  assess  the  legibility  of  the 
display  under  these  conditions,  two  experimental  measurements  were  made,  the  first  being 
an  assessment  of  the  detectability  of  an  individual  LED  element,  and  the  second  an 
examination  of  the  errors  arising  from  the  display  cf  numerical  symbols. 

3.3  Experimental  method 

3.3.1  Apparatus 

The  P.AE  man-carrying  two-axis  vibration  rig  was  used  to  reproduce  the  characteris¬ 
tic  motion  of  a  Canberra  aircraft  flown  at  250  feet  and  350  knots.  Mounted  on  the  rig 
platform  was  a  seat  from  a  ?ea  King  helicopter,  in  which  the  subject  was  secured.  An 
artificial  bright  sky  was  produced  by  supporting  a  2  metre  diameter  fibre-glass  resin 
hemispherical  dome  above  the  rig.  Four  halogen  flood-lights  attached  to  the  rim  of  the 
hemisphere  were  positioned  so  that  the  whole  inner  diffusing  surface  was  reasonably 
evenly  illuminated.  This  whole  experimental  arrangement  is  illustrated  in  Fig  6,  where 
the  hemisphere  was  tilted  forward  so  that  the  subject  had  the  sensation  of  flying  in 
sunlit  cloud  and  was  required  to  view  the  projected  display  against  such  a  bright 
background. 

The  experimental  helmet-mounted  matrix  display  was  fitted  to  the  subject  so  that 
his  right  eye  occupied  the  centre  of  the  optical  exit  pupil.  The  display  was  controlled 
in  both  brightness  and  content  by  a  PDP-11  computer,  programmed  to  produce  the  visual 
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stimulae,  receive  the  response,  carry  out  timing  operations  and  collate  the  accumulated 
data.  For  the  first  task  the  subject  made  responses  by  pressing  a  hand-held  push-button 
but  in  the  second  the  response  was  timed  by  a  signal  obtained  from  a  throat-microphone 
worn  by  the  subject,  whilst  the  correctness  of  the  response  was  monitored  by  the  experi¬ 
menter  who  signalled  the  errors  using  a  keyboard. 

3.3.2  The  tasks 

The  first  task  assessed  the  subject's  ability  to  detect  the  presence  of  a  single 
illuminated  element  in  the  display  under  two  conditions  of  ambient  brightness  and  three 
levels  of  vibration.  The  brightness  of  the  artificial  sky  forming  the  background  to  the 
displayed  image  was  set  at  either  680  nits  or  5100  nits,  and  the  rig  was  arranged  to 
produce  vibrations  of  either  the  full  Canberra  level  or  half  this  xevel,  or  no  vibrations. 
In  all  combinations  of  these  conditions  the  subject  was  given  sufficient  time  to  adapt  to 
his  circumstances  and  become  familiar  with  the  cask.  For  this  detection  experiment  the 
image  was  seen  as  a  small  (6.5  minute  of  arc)  red  square  superimposed  on  the  brighter 
background,  each  presentation  lasting  3  seconds  with  an  in^erstimulus  interval  varying 
randomly  between  1  and  3  seconds.  The  brightness  of  the  element  was  controlled  to  have 
one  of  ten  levels,  spanning  a  range  between  3.4  nits  and  340  nits,  and  each  level  was 
presented  ten  times  in  a  random  sequence,  necessitating  100  presentations  per  trial 
condition  per  subject.  Six  male  scientists  having  6/6  unaided  vision  were  used  as 
subjects. 

For  the  second  experiment  the  task  involved  reading  a  single  displayed  digit,  which 
was  made  up  from  a  dot-matrix  of  5  by  7  elements  in  accordance  with  the  symbol  designs 
proposed  by  Huddleston2,  and  the  subject  was  required  to  call  out  the  number  as  soon  as 
he  recognised  it.  All  three  levels  of  vibration  were  used,  but  the  ambient  brightness 
was  fixed  at  tie  higher  level  of  5100  nits.  Four  presentation  durations  (0.1,  0.3,  0.5 
and  5.0  secona)  and  four  levels  of  display  brightness  (116,  132,  292  and  1160  nits)  were 
introduced,  but  the  two  subjects  did  not  receive  all  combinations  of  these  levels.  The 
short  duration  and  comparatively  low  display  brightness  levels  were  found  to  be  necessary 
to  make  the  task  of  reading  such  comparatively  large  (60  »  75  minutes  of  arc)  characters 
more  difficult. 

3.3.3  Results 

Although  there  was  considerable  variation  between  subjects  the  results  of  the 
detection  experiment  have  been  summarised  as  graphs  relating  the  average  probability  of 
detecting  the  single  element,  and  the  average  response  time  for  such  detected  stimuli,  to 
the  display  brightness.  Figs  7  and  8  show  the  results  in  this  form,  for  the  three  levels 
of  vibration  and  two  levels  of  brightness  employed.  The  general  effect  of  the  simulated 
aircraft  motion  was  to  decrease  the  likelihood  of  detecting  a  'signal'  and  increase  the 
response  time. 

The  results  of  the  second  experiment  are  show:,  in  Table  2  as  the  probability  of 
successfully  recognising  a  single  digit,  displayed  at  certain  combinations  of  brightness 
and  duration,  for  the  three  vibration  levels.  Again,  the  general  effect  of  the  simulated 
aircraft  motion  was  to  increase  the  chance  of  perceptual  error. 

3.4  Comments 

The  measurements  of  the  variation  of  detection  probability  with  display  brightness 
show  a  series  of  S-shaped  curves  characteristic  of  a  complex  stochastic  threshoi i 
phenomenon..  The  conventional  definition  of  a  'detection  threshold'  is  the  stimulus 
brightness  at  which  half  the  stimuli  are  detected  on  average  over  all  subjects;  using  this 
criterion  the  effect  of  vibration  was  to  lift  the  'stationary'  threshold  by  45?  at  half 
power  and  by  60?  at  full  power  for  the  lower  (680  nits)  ambient  ligx.t  level.  In  the 
brighter  surroundings  (5100  nits)  this  effect  was  more  marked,  with  the  threshold  rising 
by  130?  and  200?,  for  half  and  full  power  Canberra  motion  respectively,  which  indicates 
an  exaggerated  effect  wnen  high  ambient  brightness  and  high  levels  of  whole-body 
vibrations  are  combined. 

Although  the  threshold  brigntne  :s  levels  for  stationary  subjects  were  low  (~2?)in 
comparison  with  the  ambient  light  levels,  the  response  time  data  suggested  that,  a*-  these 
thresholds,  the  average  time  taken  was  considerably  longer  than  for  brighter  displays. 
Indeed,  the  average  response  times  for  detected  stimuli  fell  to  an  apparent  asymptotic 
value  of  about  0.35  second,  for  only  those  higher  levels  of  display  brightness  at  which 
no  stimuli  passed  unnoticed.  This  effect  seems  to  be  constant  for  all  combinations  of 
ambient  brightness  and  vibration  levels.  This  indicates  that  a  more  realistic  criterion 
for  assessing  the  effect  of  brightness  and  vibration  conditions  on  detection  of  a 
stimulus  would  be  to  assess  the  brightness  at  which  all  signals  could  be  seen  with 
minimum  delay.  Using  this  criterion  the  effect  of  vibration,  at  tne  lower  ambient 
brightness  level,  was  to  increase  the  'comfortable'  brightness  level  from  about  34  nits 
to  about  70  nits  and  160  nits,  for  the  half  and  full  power  motion  respectively.  These 
are  changes  of  about  100?  and  460?,  and  are  significantly  more  marked  than  the  corres¬ 
ponding  changes  of  the  '50?  detection'  threshold.  Unfortunately  the  limiting  display 
brightness  did  not  allow  this  effect  to  bo  assessed  in  sufficient  detail  at  the  higher 
background  light  level. 

The  paucity  of  data  from  the  digit  legibility  measurements  does  not  allow  hard 
quantitative  conclusions.  When  the  subjects  were  still  they  could  read  the  uisplayed 
.'.umbers  with  very  few  errors,  even  when  displayed  at  .low  brightness  and  present  for  only 
0.1  second.  When  subjected  to  vibration  their  performance  fell  and  was  only  restored  by 


increasing  both  the  display  brightness  and  stimulus  duration  appreciably.  It  is  likely 
that  an  increase  in  the  minimum  display  brightness  from  about  to  about  30%,  of  the 
ambient  level,  would  be  necessary  for  adequate  legibility  in  conditions  of  hign  external 
light  levels  and  the  vibration  produced  by  low-level  high-speed  flight,  a  conclusion 
which  reinforces  that  from  the  first  detection  experiment. 

4  CONCLUSIONS 

Bearing  in  mind  the  small  number  of  subjects  used  in  these  experiments,  it  is 
reasonable  to  conclude  that  the  buffeting  vibrations  associated  with  low-level  high-speed 
flight  had  a  small  effect  un  the  movement  of  a  pilot's  helmet,  relative  to  his  eyes,  in 
comparison  with  the  helmet  movement  due  to  natural  head  motion.  However,  aircraft 
vibration  degraded  the  legibility  of  information  displayed  on  a  novel  form  of  helmet- 
mounted  LED  matrix  display,  but  increasing  the  display  brightness  could  counteract  this 
loss. 


Table  1 

THE  RMS  DISPLACEMENTS  (IN  MILLIMETRES)  AVERAGED  OVER  ALL  HELMET 
CONDITIONS  AND  BOTH  CANBERRA  AND  PHANTOM  VIBRATIONS 


Table  2 

SUCCESS  PROBABILITY  (it)  WHEN  READING  A  SINGLE  DICIT  DISPLAYED 
ON  THE  MARCONI  AVIONICS  LED  MATRIX  DISPLAY 


No  vibration  J  level  vibration  Full  vibration 

5.0 

Presentation  0.5 
time 

(seconds)  0.3 

0.1 

116  132  292  1160  116  132  296  1160  116  132  296  1160 

Display  brightness  (nits) 


REFERENCES 

No.  Author  Title,  etc 

1  H.E.  Kroemer  Involuntary  head  movements  and  helmet  motions  during  centrifugal 

W.K.  Kennedy  runs  with  up  to  6  g  . 

Aerospace  Medicine, zpp  659-6M,  June  1973 

2  H.F.  Huddleston  A  comparison  of  two  computer-generated  alpha-numeric  fonts. 

A. H.  Adams  RAE  Technical  Report  71071  (1971) 

B. M.  Robsor. 


Copyright  ©,  Controller  HMSO ,  London  1979 


Fig  1  The  optics  of  the  displacement  measuring 
system 


Fig  2  Illustration  of  the  displacement  measuring 
system  on  the  RAF  Mk  3B  helmet 


Fig  6  The  vibration  rig  and  artificial  bright  sky 
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Fig  7  Detection  probability  and  response  times  for  viewing  a  single  element  against  a  background 
brightness  of  680  nits 


Fig  8  Detection  probability  and  response  times  for  viewing  a  single  element  against  a  background 
brightness  of  5100  nits 
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THE  ROLE  OF  HELHET  MOUNTED  DISPLAYS  IN  HIGH-SPEED  LOW-LEVEL  FLIGHT 
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SUMMARY 

During  critical  phases  of  flight  operations,  the  requirement  for  shifts  of 
gaze  between  the  environment  outside  the  cockpit  and  the  interior  of  the  cockpit 
is  a  problem  which  can  be  eased  by  the  development  of  an  effective  helmet  mounted 
display  capable  of  presenting  sensor  and  aircraft  position  and  condition  infor¬ 
mation.  In  both  fixed  wing  and  rotary  wing  aircraft,  a  "head-out-of-the-cockpit" 
attitude  is  considered  to  be  highly  desirable.  An  effective  helmet  mounted  dis¬ 
play  is  one  which  is  comfortable  to  use,  does  not  deg.ade  normal  visual  function¬ 
ing,  can  present  the  required  information  and  does  not  increase  crew  fatigue  due 
to  weight  and  bulk.  The  general  design  concerns  regarding  helmet  mounted  displays 
apply  to  those  to  be  used  in  a  high-speed  low-level  environment.  Some  of  the 
design  parameters  take  on  special  significance,  however,  in  high-speed  low-level 
flight. 


INTRODUCTION  -  Advances  in  technology  made  possible  the  development  of  virtual  image  displays  over 
two  decades  ago.  The  Head-Up  Display,  or  HUD,  was  the  first  virtual  image  display  to  become  operational. 

The  HUD  which  is  an  aircraft  mounted  device  has  proven  very  useful  in  aircraft  operations.  Shortly  after 
the  HUD  was  developed,  efforts  to  develop  a  helmet  mounted  display  were  initiated.  Since  the  HUD  was 
aircraft  mounted,  the  information  which  would  be  presented  by  means  of  the  HUD  was  only  available  when  the 
pilot  looked  straight  ahead,  which  is  where  the  HUD  is  located.  In  addition,  the  field  of  view  of  the  HUD 
was  small,  perhaps  twelve  degrees.  There  are  many  situations  in  which  it  would  be  decidedly  advantageous 
for  a  pilot,  and  perhaps  other  aircrew  members  as  well,  to  have  certain  information  available  without 
looking  into  the  cockpit  at  an  instrument  panel  or  even  at  a  fixed  HUD.  This  is  the  so-called  "head-out- 
of-the-cockpit"  attitude.  One  situation  in  which  such  an  attitude  is  desirable  is  in  high-speed  low-level 
flight.  One  method  of  accomplishing  that  desired  end  is  by  use  of  a  helmet  mounted  display.  A  helmet 
mounted  device,  whether  display  or  sight,  must  as  a  minimum,  consist  of  a  device  to  generate  the  information 
to  be  displayed,  an  optical  system  to  transfer  the  image  from  the  display  generator  to  the  eyepoint  and 
some  means  of  determining  where  the  pilot  is  looking  -  a  heud/eye  position  sensing  scheme.  Numerous 
mechanisms  for  providing  these  various  elements  have  been  proposed.  The  proposals  will  not  be  reviewed 
here,  rather  this  discussion  will  examine  some  of  the  factors  which  must  be  considered  in  selecting  and 
integrating  the  elements  of  the  display  with  particular  reference  to  the  high-speed  low-level  flight 
regime. 

The  goal  of  a  helmet  mounted  display  design  should  be  to  provide  a  display  which  will  permit  cockpit 
personnel  to  simultaneously  obtain  the  information  required  about  both  the  aircraft  and  the  environment 
outside  the  aircraft  accurately  and  comfortably.  The  general  considerations  regarding  the  design  of  head 
coupled  displays  have  been  discussed  elsewhere  (1).  The  high-speed  low-level  flight  environment  presents 
special  problems  which  must  be  evaluated. 

If  the  aircraft  is  a  fixed  wing  aircraft,  the  low-level  phases  of  the  flight  may  be  conducted  at 
altitudes  of  thirty  to  sixty  meters  over  land  and  skimming  wave  tops  over  water  in  both  attack  and  fighter 
type  aircraft  at  subsonic  speeds  (2).  In  the  attack  aircraft,  the  crew  will  be  required  to  navigate  using 
both  speed-time-direction  information  and  terrain  or  environmental  checkpoints.  In  both  types  of  aircraft, 
sensor  information  regarding  both  terrain  features  and  threat  detection  is  required.  In  helicopter  low- 
level  operations,  the  altitude  over  land  can  be  in  the  units  rather  than  tens  of  meters,  and  while  the 
speeds  may  be  only  one  tenth  that  of  the  attack  or  fighter  type  aircraft,  they  are  still  significant 
relative  to  the  altitudes  -  forty  to  seventy  knots  (j).  In  both  cases  it  is  extremely  important  that  a 
pilot  detect  obstructions  at  as  great  a  distance  as  possible.  It  is  also  important  that  sensor  information 
be  provided  in  a  timely  manner,  and  that  other  vital  information  regarding  aircraft  status  and  navigation 
be  available. 

TQtRAIN  INFORMATION  -  Terrain  information  is  required  for  two  types  of  operations  -  terrain  avoidance 
and  terrain  following.  The  aerodynamic  qualities  of  the  aircraft  will,  of  course  determine  the  limits 
within  which  each  of  these  operations  can  be  performed.  Within  these  limits,  the  information  supplied  to 
the  aircrew  will  significantly  affect  the  level  of  performance.  One  study  of  the  extent  to  which  sensor 
information  can  affect  performance  in  low-level  operations  at  night  used  performance  of  the  low-level 
operations  in  daylight  as  a  baseline  against  which  to  evaluate  the  night  performance.  The  results  indi¬ 
cated  that  performance  at  night  was  as  good  as  the  baseline  performance  or  poorer,  depending  on  the 
specific  sensor-display  combination  being  used  (3).  When  that  sensor  information  was  displayed  via  a 
helmet  mounted  display,  the  results  were  negative,  that  is,  the  maneuvers  could  not  be  performed,  unless 
a  boreslght  reference  marker  was  provided  on  the  display.  The  assumption  is  that  the  night  condition, 
plus  the  mock-up  cockpit  from  which  the  operations  were  conducted  in  the  test  helicopter,  produced 
reference  conditions  which  were  impoverished  artificially,  and  that  a  single  reference  marker  was  adequate 
to  orient  the  pilot.  With  the  marker  in  place,  the  required  maneuvers  could  be  adequately  performed. 

For  both  terrain  avoidance  and  terrain  following  information,  sensors  such  as  radar  altimeters  or 
others  which  can  provide  anticipatory  terrain  information  such  as  altitude  of  obstructions,  elthet  man 
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made  or  natural,  or  computer  generated  navigation  Information  which  can  anticipate  rises  or  sharp  drops 
of  the  terrain  can  be  provided  via  a  helmet  mounted  display  to  aid  flight  crews  in  accomplishing  a  high¬ 
speed  low-level  maneuver, 

THREAT  DETECTION  -  Threat  information  car.  be  displayed  by  means  of  a  helmet  mounted  display  durli. 
a  maneuver  which  requires  a  "head-out-of-the-cockpit"  attitude.  Sensors  which  detect  radar,  lasers  or 
anti-aircraft  missiles  can  provide  warning  information  to  aircrews  so  that  threat  avoidance  or  neutral¬ 
ization  procedures  can  be  initiated.  If  an  aircraft  has  been  detected  by  ground  based  radar,  avoidance 
maneuvers  including  lower  level  operations  can  be  accomplished.  If  the  detecting  sensor  Indicates  an 
airborne  threat,  tactics  which  have  been  developed  ro  avoid  or  neutralize  the  threat  can  be  employed, 
again  using  helmet  mounted  display  Information  to  both  diagnose  and  respond  to  the  threat. 

AIRCRAFT  INFORMATION  -  The  minimum  aircraft  condition  Information  required  to  conduct  the  high-speed 
low-level  operation  is  probably  aircraft  attitude  and  speed.  These  data  need  not  be  continuously  avail¬ 
able,  but  should  be  available  on  demand.  A  pilot  may  call  for  the  desired  information  by  activating  a 
call  mechanism.  Since  these  are  important  for  high-speed  low-level  operations,  the  call  mechanism  for 
them  should  ideally  be  located  on  the  aircraft  controls.  Other  information  may  be  called  for  from  other 
locations,  but  the  critical  Information  should  be  available  at  the  finger  tips. 

HELMET  MOUNTED  DISPLAY  DESIGN  CONSIDERATIONS  -  The  helmet  mounted  display  design  decisions  which  are 
most  specifically  related  to  the  high-speed  low-level  operational  regime  are  those  related  to  the  selection 
of  the  style  of  the  information  to  be  displayed,  acuity  requirements  of  the  Information,  the  brightness 
of  the  display,  and  the  effect  of  the  display  scheme  on  the  visual  responses  which  might  degrade  rather 
than  enhance  overall  performance. 

The  style  of  the  presentation  requires  decisions  regarding  alpha-numeric  information  and  3ymbology. 
Some  types  of  information  are  most  readily  comprehended  in  numerical  form  while  others  are  most  readily 
comprehended  in  symbolic  form.  Aircraft  condition  information  which  is  normally  displayed  via  instruments 
such  as  altitude  and  airspeed  should  probably  be  displayed  numerically  via  a  helmet  mounted  display. 
Aircraft  condition  information  such  as  attitude  should  be  displayed  symbolically.  Anticipatory  terrain 
avoidance/following  information  should  probably  be  displayed  numerically.  Terrain  avoidance  altitude 
information  should  be  continuously  available  while  mean  sea  level  altitude  should  be  available  on  demand. 

The  acuity  requirements  of  the  displayed  information  would,  at  first  glance,  seem  to  be  simple  - 
large,  easily  readable  numbers  and  symbols.  Large  stimuli  may  not  be  readily  useable  on  a  helmet  mounted 
display.  An  examination  of  the  situation  suggests  that  the  visual  angle  subtended  by  numbers  and  symbols 
presented  on  a  helmet  mounted  display  should  be  only  slightly  larger  than,  or  equal  to,  that  subtended  by 
comparable  information  at  the  instrument  panel.  The  amount  of  eye  movement  required  to  read  a  display 
symbol  should  be  effectively  zero.  Two  conditions  will  interact  to  degrade  performance  with  the  display 
if  figures  which  subtend  large  visual  angles  are  used.  Eye  movement  required  to  scan  the  data  and  the 
apparently  large  figures  used  to  convey  familiar  information  will  combine  to  stimulate  the  accommodation 
response.  Incorrect  accommodation  will  interfere  with  both  the  us*  of  the  displayed  information  and  the 
view  of  the  outside  world.  While  this  is  a  theoretical  interpretation,  some  preliminary  test  results  do 
suggest  that  these  assumptions  are  correct.  Experimental  examination  to  assess  the  influence  of  the 
projected  size  of  the  displayed  information  on  the  use  of  the  helmet  mounted  display  is  needed. 

The  brightness  of  the  display  images  is  extremely  important  in  the  high-speed  low-level  environment. 

Ai.  «.  i.ier  assessment  of  the  brightness  variable  considered  only  nlglt  and  day  use  of  the  displays  (1). 

In  a  low-level  environment,  at  night  or  under  very  dim  daylight  conditions,  the  earlier  analysis  of  the 
intensity  variable  is  accurate.  In  full  daylight,  which  is  the  environment  for  most  fixed  wing  low-level 
operations,  the  brightness  dimension  is  more  complicated.  The  terrain  brightness  range  is  the  source  of 
the  complication.  Against  a  relatively  homogeneous  background  the  Intensity  of  the  display  can  be  set 
with  no  adjustment  required.  Against  a  non-homogeneous  background  such  as  terrain  composed  of  farmland 
with  frequently  interspersed  small  forrested  areas  and  bodies  of  water,  helmet  mounted  display  imagery 
could  be  rendered  useless  for  all  practical  purposes,  unless  some  sort  of  automatic  brightness  adjustment 
is  provided.  A  pilot  could  not  be  expected  to  add  to  an  already  heavy  workload,  the  requirement  to 
constantly  adjust  the  brightness  of  a  helmet  mounted  display.  This  interpretation  should  also  be  more 
fully  assessed  by  experimental  analysis. 

The  effect  of  a  helmet  mounted  display  on  the  visual  responses  was  referred  to  briefly  above.  If 
the  stimuli  presented  via  the  helmet  mounted  display  incorrectly  stimulate  accommodation,  convergence  or 
scan  responses,  the  view  of  both  the  environment  external  to  the  aircraft  and  the  display  can  be  degraded. 
The  size  of  the  displayed  images  has  been  cited  as  a  potential  problem,  and  some  difficulty  due  to  size 
has  been  cited  in  field  evaluations  (A).  The  same  field  assessment  also  reported  that  the  accommodation 
required  to  read  the  display  information  was  different  from  that  required  to  view  the  external  environment. 

If  the  optical  system  of  the  display  is  misaligned,  the  accommodation  requirement  can  be  other  than 
infinity.  The  platform  on  which  the  optical  system  is  mounted,  the  helmet,  is  unstable.  In  order  to  make 
the  platform  more  stable,  rigidity  and  weight  must  be  added  to  the  helmet.  These  are  both  undesirable 
from  the  point  of  view  of  both  pilot  comfort  and  fatigue.  It  was  considered  highly  desirable  to  determine 
the  extent  to  which  small  deviations  from  colllmatlon  might  influence  the  accommodation  response  of  an 
observer  viewing  a  scene  through  a  beam  splitter.  A  study  in  which  the  projected  distance  of  the  virtual 
images  was  varied  from  1.25  meters  to  optical  infinity  indicated  that  the  effect  on  accommodation  was 
small  and  transitory.  This  result  indicates  that  though  it  is  desirable  to  have  a  good  optical  system 
in  a  helmet  mounted  display,  severe  penalties  in  weight  should  not  be  imposed  to  achieve  e  perfect  system. 

Both  the  overall  visual  angle  subtended  by  the  display  and  the  visual  angle  of  the  information 
displayed,  letters,  figures  and  symbols,  have  not  received  adequate  experlmentsl  analysis.  It  would 
appear  that  the  overall  visual  angle  of  the  display  should  be  no  larger  than  the  angle  normally  scanned 
in  eye  movements  without  head  movement.  The  reflex  response  for  a  larger  area  Is  to  move  the  head.  In 
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a  helmet  mounted  display,  head  movement  moves  the  Information  being  scanned.  The  effort  required  to  scan 
a  larger  area  without  head  movement  could  degrade  performance,  and  Interfere  with  mission  performance. 

BINOCULAR-MONOCULAR  DISPLAYS  -  Most  of  the  helmet  mounted  displays  and  sights  have  used  monocular 
optical  systems.  A  few  have  used  binocular  optical  systems.  There  are  positive  and  negative  aspects  to 
the  design  and  use  of  both  systems.  The  optical  design  and  construction  of  a  monocular  system  are  easier 
than  that  of  a  binocular  system.  However,  binocular  conflict,  whether  rivalry  or  brightness  differences 
in  the  two  eyes,  make  the  monocular  system  somewhat  awkward  and  unnatural  to  use.  The  difficulties  are 
not  as  obvious  In  a  helmet  mounted  sight  as  In  a  display.  In  a  sight,  only  a  reticle  and  possibly  discrete 
peripheral  signal  lights  are  present.  The  visual  tasks  are  relatively  simple,  though  the  reticle  aiming 
tasks  may  not  be  easy.  The  optical  design  and  construction  of  a  binocular  helmet  mounted  display  are 
more  difficult  because  the  alignment  for  the  two  eyes  must  be  maintained  and  instabilities  In  the  Image 
generating  device  must  be  minimal  and  balanced  for  the  two  eyes.  Once  the  design  and  construction  problems 
have  been  solved,  use  of  a  binocular  device  is  much  more  comfortable,  and  binocular  Imbalance  problems  are 
not  present.  The  binocular  helmet  mounted  display  is  the  preferred  form. 

One  additional  area  of  concern  which  has  not  been  discussed  is  that  of  buffet.  If  the  buffet  Is  low 
frequency,  a  helmet  mounted  display  may  not  be  useable.  This  Is  another  area  which  should  be  examined 
experimentally. 

CONCLUSIONS  -  A  helmet  mounted  display  can  provide  an  Improvement  In  aircrew  performance  in  high-speed 
low-level  operations.  There  are  several  unanswered  questions  regarding  the  use  of  such  displays  In  low-level 
operations.  These  questions  can  only  be  answered  by  careful  experimental  analysis.  These  analyses  should 
be  conducted  to  provide  the  Information  which  display  designers  can  use  In  developing  the  displays. 
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DISCUSSION 


DR.  K.E.  MONEY  (CAN) 

When  looking  outside  the  aircraft,  and  simultaneously  seeing  a  helmet  mounted  HUD  presentation, 
head  rotation  will  cause  a  reflex  movement  of  the  eyeballs  that  will  stabilise  the  retinal  image  of 
the  outside  world,  but  will  move  (over  the  retina)  the  retinal  image  of  the  HUD  presentation.  During 
the  head  movement,  therefore,  one  would  expect  a  blurring  of  the  HUD  display  and  also  possibly 
disorientation  effects.  Have  these  phenomena  been  observed  and  are  they  serious  problems? 

AUTHOR'S  REPLY 

We  have  not  observed  such  a  problem  with  the  helmet  mounted  sights .  However,  should  there  prove  to 
be  a  problem  of  this  sort  in  using  the  helmet  mounted  designs  in  which  more  complex  stimuli  will  be 
used,  we  will  have  the  option  of  using  the  helmet  position-sensing  mechanism  and  the  aircraft 
computers  to  minimise  the  blurring  to  the  extent  required  by  either  a  small  delay  in  the  movement 
of  the  images,  or  moving  them  similar  to  a  saccade.  There  is  also  the  possibility  of  using  eye 
movement  in  combination  with  helmet  position  to  manage  the  display  imagery. 


DR.  M.L.  WOLBARSHT  (US) 

We  are  also  thinking  of  these  displays  feeding  information  when  the  pilot  doesn't  really  see  the 
outside  world  -  infra  red  sensors  for  example  -  so  that  when  he  looks  in  a  certain  direction  what 
he  sees  will  be  appropriate  for  that  direction. 

AUTHOR'S  COMMENT 

A  further  example  is  the  use  of  a  helmet  mounted  display  in  helicopters  or  V/STOL  aircraft  so  that 
the  pilot  can,  in  effect,  look  through  the  floor  of  the  cockpit. 


DR.  A.J.  BENSON  (UK) 

You  rather  skated  over  the  problem  of  binocular  rivalry.  This  worries  us  in  particular  when  you  are 
presenting  real  world  imagery.  How  do  you  see  this  problem? 

AUTHOR'S  REPLY 

This  problem  is  amplified  when  rfal  w^rld  information  is  presented  and  I  am  aware  of  some  of  the 
problems  that  have  been  experienced  at  Farnborough.  It  seems  most  serious  when  one  eye  is  occluded 
and  receives  only  display  information.  There  may  still  be  problems  with  the  "see  through"  system 
that  I  have  been  discussing,  especially  due  to  brightness  differences  in  the  two  eyes  when  one  eye 
receives  environmental  plus  display  information  and  the  other  environmental  information  only. 


DR.,  A.J.,  BENSON  (UK) 

In  a  different  luminance  and  in  •  different  colour? 

AUTHOR'S  REPLY 

Exactly.  These  are  the  kinds  of  problem  that  we  are  looking  at.  A  greater  problem  may  be  to 
achieve  an  adequate  display  size  and  one  answer  with  a  binocular  system  may  be  to  cheat  a  little 
bit  and  only  overlap  a  portion  of  the  visual  field,  so  that  peripheral  areas  of  the  display  are 
seen  by  one  eye  only. 


COL.  R.L.  DEHART  (US) 

The  Navy,  I  believe,  are  beginning  to  have  experience  with  helmet  mounted  systems.  What  problems 
are  they  experiencing  -  crew  comfort,  C-loading  for  example? 

AUTHOR'S  REPLY 

The  only  operational  experience  that  the  Navy  has  had  with  helmet  mounted  systems  has  been  with  a 
helmet  mounted  sight  in  which  the  images  presented  were  a  fixed  reticle  for  aiming  and  discrete 
lights  which  signalled  "lock-on"  of  the  system  being  aimed.  The  pilots  who  used  the  system  were  so 
enthusiastic  about  it  that  they  accepted  the  increased  weight  and  imbalance  of  the  helmet  which  it 
caused.  A  form  fit  helmet  was  required  for  a  useable  system.  The  helmet  mounted  displays  are  still 
in  the  development  stage. 

We  are  now  working  on  a  binocular  display  using  fibre  optics  so  as  to  take  the  weight  of  the  image 
generating  device  off  the  helmet,  and  we  are  also  trying  to  maintain  the  balance  of  the  helmet. 
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COL.  R.L.  DEHART  (US) 

What  about  vibration? 

AUTHOR'S  REPLY 

I  don't  think  this  has  been  a  serious  problem,  but  the  information  that  our  friends  at  Farnborough 
have  generated  (paper  13)  will  be  important  in  making  decisions  about  the  display  design. 


DR.  J.P.  PAPIN  (FR) 

Le  pilote  desire  une  information  pour  cel a  il  appuge  sur  une  command®.  Combien  de  cotanandes  faut-il 
prevoir  au  minimum? 

AUTHOR'  REPLY 

We  do  not  know  exactly  how  many  commands  it  will  be  necessary  to  provide.  However,  we  can  estimate 
that  the  critical  information  will  be  aircraft  speed  and  perhaps  attitude.  That  information  should 
be  available  on  the  control  stick  or  on  one  of  the  controls  which  the  pilot  could  easily  operate 
without  the  requirement  to  look  into  the  aircraft  to  locate  the  call  mechanism.  The  selector 
mechanism  for  other  less  critical  information  can  be  located  on  the  instrument  panel  or  console. 
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SUMMARY 

A 

Apart  from  engineering  considerations,  the  proper  emphasis  of  the  various  parame¬ 
ters  of  visual  displays  in  high  speed  low  level  flight  depends  upon  the  knowledge  of  the 
physiological  variables  in  the  visual  system.  Psy-hophysical  tests  can  best  be  inter¬ 
preted  in  conjunction  with  a  detailed  examination  of  the  physiological  f”nction  of  the 
visual  system.-  A  summary  of  some  programs  sponsored  by  the  Naval  Air  Systems  Command 
is  given  to  show  our  progress  in  this  approach. 

An  examination  of  the  initial  steps  of  photoreception,  the  activation  of  the  photo¬ 
pigment  rhodopsin  by  a  photon,  has  suggested  a  new  theory  of  dark  adaptation.  The  ab¬ 
sorption  of  a  single  photon  decreases  the  probability  that  any  future  photons  absorbed 
in  the  same  photoreceptor  will  result  in  visual  excitation.-  (In  this  theory  all  of  the 
molecules  of  rhodopsin  in  a  single  outer  segment  of  a  rod  could  be  linked  by  light-init¬ 
iated  movement  in  rhodopsin) .  To  minimize  rod  contribution  to  color  recognition  of 
cockpit  or  heads  up  displays,  light  adaptation  of  the  rods  might  be  helpful.  This  new 
theory  of  light  adaption  suggests  that  a  low  intensity  of  light  delivered  in  short 
pulses  would  be  more  effective  than  the  same  number  of  photons  over  longer  periods  of 
time.-  The  data  for  this  model  comes  from  our  program  at  Cornell  University  under  the 
direc..ion  of  Dr.  A.  Lewis  in  which  resonance  Raman  spectral  analysis  is  used  to  measure 
the  changes  in  the  electronic  configurations  of  the  rhodopsin  molecules  during  the  first 
few  nanoseconds  of  photoactivation .■ 

After  the  photoreceptors  in  the  retina  have  been  activated  the  information  is  car¬ 
ried  through  the  various  neuronal  channels  to  tne  ganglion  cells..  The  configuration  of 
all  the  retinal  information  is  completed  in  the  ganglion  cell  for  passage  along  the  op¬ 
tic  nerve.  The  limits  of  visual  acuity  depend  upon  the  relation  between  the  receptive 
field  of  the  ganglion  cells  and  the  size  and  location  of  the  photoreceptors.  Models  of 
retinal  ganglion  ceil  receptive  fields,  based  on  physiological  data  collected  in  our 
program  at  Duke  University  under  the  direction  of  Dr.  M.-  L.;  Wolbarsht,  suggests  that  the 
retina  does  not  preserve  spatial  information  on  the  contrast  phenomena  of  edges  in  a 
point  to  point  relationship;  rather  the  information  in  the  optic  nerve  is  coded  in  terms 
of  overlapping  receptive  fields.  The  information  for  color  and  pattern  detail  travels 
along  somewhat  separate  pathways  from  the  retina.;  An  appreciation  of  the  details  of 
this  coding  in  the  nervous  system  together  with  our  knowledge  of  certain  visual  illu¬ 
sions  (such  as  flicker  color)  suggests  that  the  cockpit  or  heads  up  display  systems 
should  emphasize  border  contrast  information  at  the  expense  of  spectral  purity  where  en¬ 
gineering  requirements  make  such  a  choice  necessary.; 

The  visor  used  by  pilots  in  all  types  of  missions,  including  especially  high  speed 
or  low  level  flight,  often  contains  filter  material  which  selectively  absorbs  or  re¬ 
flects  parts  of  the  visual  spectrum  This  results  in  distortion  of  environmental  stimu¬ 
li  and  may  alter  the  appreciation  of  any  cockpit  or  heads  up  display.  The  program  at 
the  Naval  Air  Systems  Development  Center,  Warminister,  PA  under  the  direction  of 
Dr,  G.  Chisum,  is  designed  to  furnish  information  on  the  effects  of  such  filters  on  the 
function  of  the  visual  system,  especially  on  any  degradation  or  enhancement  of  visual 
performance.  In  a  systems  approach  to  the  design  of  a  heads  up  or  cockpit  display  the 
protective  features  of  any  filter  must  be  optimized  all  together..  An  important  part  of 
this  design  information  is  the  interaction  between  the  visual  system  and  the  display  and 
the  adverse  stimulus  from  the  environment.  A  knowledge  of  the  detailed  function  of  the 
visual  system  is  necessary,  in  addition  to  any  psychophysical  tests  which  demonstrate 
visual  performance  with  the  specific  eye  protection  filters. 

The  head  and  eye  tracking  system  study  at  the  Naval  Training  Equipment  Center  in 
Florida  under  the  direction  of  Dr.  J,  J.  Kulik  is  particularly  oriented  toward  the  mea¬ 
surement  of  the  helmet  mounted  (heads  up)  visual  display  system  as  limited  by  interac- 
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tion  with  human  capabilities.  The  purpose  of  this  research  is  to  insure  that  the  move¬ 
ment  of  visual  targets  within  the  helmet  display  system  is  properly  matched  to  any  pos¬ 
sible  eye  movement.;  The  ideal  solution,  of  course,  would  be  to  mount  eye  tracking 
equipment  in  the  combat  helmet.-  However,  such  is  not  possible  at  the  present  stage  of 
the  art  and  efforts  are  now  turned  toward  optimizing  the  presentation  of  data  to  deter¬ 
mine  the  maximum  allowable  delay  in  target  movement  that  is  available  to  the  observer, 
and  to  study  proposed  techniques  which  might  shorten  delay  time. 

High  speed  low  level  flight  often  has  abrupt  changes  in  direction  with  attendant 
high  G  forces.  These  are  accompanied  by  changes  in  visual  function  such  as  decreased 
visual  sensitivity,  dimming  of  the  visual  field,  peripheral  and  central  light  loss,  and 
even  loss  of  consciousness.  Both  the  visual  changes  and  loss  of  consciousness  are  due 
to  inadequate  blood  supply  to  the  eyes  and  brain  when  acceleration  produces  hydrostatic 
pressures  that  exceed  cardiovascular  capabilities.  Attempts  to  measure  blood  flow  by 
Doppler  techniques  are  subject  to  many  artifacts  especially  when  the  subject  is  not  com¬ 
pletely  relaxed.  The  measurements  of  visual  evoked  cortical  responses  may  be  able  to 
indicate  the  integrity  of  the  visual  system  irrespective  of  muscular  activity  in  the 
pilot.  Our  program  at  the  Naval  Air  Development  Center  at  Warminister,  PA  under  the  di¬ 
rection  of  Dr.  M.  Cohen  is  designed  to  find  il  the  evoked  cortical  responses  can  be 
correlated  wifh  the  measures  of  blood  flow  by  Doppler  techniques  during  increased  G 
from  acceleration  load  (under  various  physiological  conditions  including  strain  maneu¬ 
vers)  .;  If  such  techniques  prove  reliable,  it  may  be  possible  to  develop  a  visual  evoked 
response  recording  system  in  the  helmet  to  act  as  an  integral  part  of  the  feedback  in 
the  G  suit  and  assist  in  maintaining  the  pilot  in  good  physiological  condition  during 
maneuvers  characteristic  of  high  speed  low  level  flight.; 


1.  INTRODUCTION 

The  development  of  aircraft  caoable  of  high  speed  flights  at  low  levels  for  long 
durations  has  begun  to  approach  the  limit  of  the  air  crew  performance,  particularly  with 
regards  to  the  visual  system.  Although  many  aspects  of  the  operational  problem  have 
been  eliminated,  or  reduced  in  importance  by  automation,  the  implications  of  the  design 
features  imposed  by  newer  aircraft,  with  regard  to  visual  demands  upon  the  aircrew,  have 
not  been  changed..  Much  could  be  done  by  automation,  but  in  order  to  make  this  possible 
a  better  knowledge  of  the  physiological  variables  in  the  visual  system  must  be  obtained. 
The  Naval  Air  Systems  Command  has  sponsored  several  programs  which  are  bound  by  a  common 
thread  to  elucidate  the  ultimate  capabilities  of  the  human  visual  system.  The  important 
aspects  of  each  of  the  separate  projects  will  be  described,  together  with  some  indica¬ 
tion  of  what  bearings  this  research  has  on  furnishing  assistance  to  the  problem  of  high 
speed,  low  level  flight  as  related  to  the  capabilities  of  the  visual  systems  of  the  air 
crew.  The  programs  will  be  described  individually,  first  with  details  of  the  actual  re¬ 
search  performed  and  current  data,  and  then  relating  each  individual  project  to  the 
larger  problem  of  air  crew  effectiveness. 

2. :  PRIMARY  EVENTS  IN  VISION  (Lewis) 

In  order  to  have  a  proper  basis  for  visual  displays,  the  fundamental  principles 
underlying  certain  rspects  of  visual  physiology  are  being  investigated.-  Specifically 
the  primary  events  in  rod  vision  must  be  known  before  we  can  understand  the  basic  mecha¬ 
nisms  of  dark  and  light  adaptation..  This  is  of  specific  importance  since  the  rod  con¬ 
tributions  to  color  vision  in  the  mesopic  range  could  cause  ambiguity  in  color  recogni¬ 
tion  of  cockpit  and  heads  up  displays.-  Through  an  understanding  of  how  this  process 
worVis ,  some  control  is  possible  to  reduce  some  of  the  ambiguities  associated  with  color 
recognition  in  this  range.  In  order  to  control  the  contributions  of  the  rods  it  is  im¬ 
portant  to  understand  the  initial  molecular  processes  that  underlay  the  activation  of 
these  cells  at  various  lightlevels.- 

The  primary  molecular  light  processes  involved  in  the  absorption  of  a  photon  by  the 
photopigment  and  its  conversion  into  a  neural  signal  (which  begins  the  transfer  or  in¬ 
formation  through  the  retina  to  the  lighter  visual  centers)  was  studied  by  high  resolu¬ 
tion.  resonance  Raman  spectra  of  rhodopsin,  isorhodopsin ,  and  photostationary  state  mix¬ 
tures  containing  a  high  percentage  of  bathyrhodopsin.  With  this  technique,  new  spectral 
features  have  been  detected.  These  have  not  been  observed  previously  due  to  poorer 
resolution  of  the  experimental  equipment  as  compared  with  that  used  in  the  present  pro¬ 
gram.  The  bands  observed  in  the  photostationar  state  spectrum  can  be  identified  from 
resonance  Raman  spectral  results  on  pure  rhod  ,/sin  and  isorodopsin  solutions  as  wel.  as 
on  alterations  in  the  photostationary  state  mixtures  of  the  pure  compounds.  The  fea- 
tures  in  these  spectra  are  invariant  from  20  K  to  150  K,  indicating  that  the  structural 
alterations  in  the  protein  component  of  retinal  occur  in  steady  state  spectra  even  at 
20°K.  Those  changes  are  consistent  with  a  model  of  excitation  previously  proposed  (1).: 
In  addition,  we  have  found  that  certain  features  in  the  photostationary  state  spectra 
were  altered  by  using  a  D20  medium  for  suspending  the  membrane  fragments. 

By  several  improvements  in  our  spectral  equipment,  we  havejbeen  able  to  obtain  the 
solution  of  2  cm~T  as  opposed  to  the  usual  resolution  of  10  cm  ,  This  five-fold  in¬ 
crease  in  resolution  has  allowed  identification  of  all  bands  present  in  the  spectrum, 
and  has  shown  many  special  features  of  bathyrhodopsin  previously  undetected. 

The  experiments  were  performed  on  bovine  retinas  and  as  shown  in  the  d~ta  the  ex¬ 
citing  light  was  500  nm  which  is  generated  by  a  dye  laser.  Only  10  percent  of  the  sam¬ 
ple  was  pl.otoconverted  or  destroyed  during  the  Raman  resonance  measurements.  Figure  1 
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shows  the  spectrum  of  purified  bovine  rhodi  psin  at  95°K  obtained  with  3mw,.  4812.5  nm.- 
excitation.;  In  figure  IB,  the  same  excitation  was  used  but  the  sample  was  now  simultane¬ 
ously  illuminated  with  an  18mw,  58  nm  pump  laser  beam..  This  changed  the  concentration 
of  bathyrhodoposin  from  the  60%  in  Figure  1-A  to  about, 30%.  in  Figure  1-B.  This  allows 
identification  of  the  92?,  1019,  1208,  1324,  1537  cm.;”  bands  that  were  not  detected 
previously  in  either  low  temperature  or  flow  experiments.  These  bands  are  absent  in  the 
spectrum  of  protonated  Schiff  bases  of  11  cis-retinal.  Thus,  it  is  evident, that  bathy- 
rhodopsin  is  not  unique  in  having  vibrational  modes  between  800  and  900  cm.”  .•  The 
identification  of  these  bands  and  similar  ones  in  the  other  molecules  under  various  con¬ 
ditions  allows  us  to  model  changes  in  the  shape  of  the  molecule  during  the  various 
stages  of  excitation.  The  work  can  be  summarized  as  suggesting  that  the  chromophore  in 
bathyrhodopsin  must  be  in  a  comformation  which  can  be  formed  from  either  the  11-cis  or 
the  9-cis  configurations  and  can  relax  to  an  all-trans  conformation.  All  our  data  indi¬ 
cates  that  this  is  the  important,  very  crucial  step  of  visual  transduction.; 

As  mentioned  above,  we  plan  to  continue  this  work  in  order  that  an  understanding  of 
the  fundamental  molecular  processes  controlling  light  adaptation  in  rod  cells  can  be 
used  to  possibly  reduce  ambiguities  in  color  recognition  in  cockpit  and  heads  up  dis¬ 
plays,  or  control  psychophysical  phenonema  such  as  light  and  dark  adaptation,  or  visual 
sensitivity  changes  as  large  as  flash  blindness  in  relation  to  the  amount  of  visual  pig¬ 
ment  bleached  or  regenerated.  Also,  it  may  identify  molecular  processes  that  may  lead 
to  an  appreciation  of  the  color  associated  with  picosecond  laser  pulses  in  the  infrared, 
and  lastly,  it  may  indicate  how  the  photic  energy  can  be  converted  into  chemical  energy 
in  as  short  as  one  picosecond. 

On  the  basis  of  these  measurements,  Lewis  and  Wolbarsht  (2)  have  proposed  a  model 
which  couples  the  loss  of  visual  sensitivity  in  light  adaptation  to  an  allosteric  change 
in  the  electronic  conformation  of  the  protein  part  of  the  rhodopsin  molecule.-  This  is 
analogous  to  the  electronic  changes  that  occui  in  hemoglobin  when  it  binds  or  releases 
oxygen.  These  rearrangements  influence  the  active  part  of  the  molecule  in  hemoglobin 
(heme  moiety  that  binds  the  oxygen)  and  in  rhodopsin  the  chromophore  retina,  which  gives 
rise  to  excitation  after  a  photon  is  absorbed. 

In  hemoglobin  the  allosteric  forms  of  the  proteins  change  the  molecule's  response 
to  oxygen  binding  as  a  function  of  the  environmental  oxygen  tension.  For  example,  when 
the  first  oxygen  molecule  is  bound  to  heme,  the  electronic  levels  in  the  protein  change 
to  allow  a  second  molecule  of  oxygen  to  become  bound  at  a  lower  environmental  oxygen 
tension,  and  so  progressively  in  the  same  direction  until  the  heme  has  bound  its  full 
capacity  of  four  molecules  of  oxygen.  As  the  fourth  oxygen  molecule  is  bound,  the  hemo¬ 
globin  molecule  changes  its  overall  electronic  configuration  so  that  a  very  great  drop 
in  environmental  oxygen  tension  is  required  before  the  first  molecule  of  oxygen  can  be 
released.  The  release  ot  the  first  molecule  of  oxygen  changes  the  electronic  configura¬ 
tion  of  the  protein  in  such  a  way  that  the  second  oxygen  molecule  can  be  released,  even 
though  the  tissue  oxygen  tension  is  still  higher  than  when  the  first  was  released,  and 
these  changes  in  the  protein  go  on  until  the  fourth  is  released..  At  this  point,  the 
protein  part  "f  the  hemoglobin  changes  appropriate^  again  and  requires  a  very  much 
higher  oxygen  tension  before  the  first  oxygen  molecule  can  be  rebound.  It  is  obvious 
that  such  changes  must  take  place  in  nemoglobin  to  bind  the  oxygen  in  the  lung  and  re¬ 
lease  it  to  the  tissues.  Indeed,  such  changes  are  almost  expected  once  such  a  mechanism 
has  been  suggested.-  However,  the  allosteric  change  in  rhodopsin  has  a  slightly  differ¬ 
ent  type  of  action. 


When  a  molecule  of  rhodopsin  absorbs  a  photon,  the  chromophore  is  electronically 
raised  into  the  activated  state.  The  electronic  state  of  the  protein  part  of  the  mole¬ 
cule  is  then  changed  by  interaction  through  the  linkage  to  the  chromophore.;  This  prob¬ 
ably  occurs  by  electron  delocalization  produced  on  the  charged  terminal  groups  of  the 
neighboring  amino  acids  of  the  e-  linkage  of  lysine.  It  also  seems  that  when  one  mole¬ 
cule  of  rhodopsin  has  its  electronic  environment  altered  it  will  in  turn  influence  the 
electronic  environment  of  nearby  rhodopsin  molecules.-  There  are  many  molecules  of  rho¬ 
dopsin  in  each  disc  of  the  outer  segment.-  Recent  data  of  Lewis  (1)  suggest  that  if  a 
single  rhodopsin  molecule  is  placed  in  the  activated  state  (and  goes  on  to  become 
bleached)  this  affects  the  electron  distribution  of  the  neighboring  molecules.  This 
change  may  lower  the  probability  that  the  neighboring  rhodopsin  molecule  will  give  rise 
to  visual  excitation  after  absorbing  a  photon  of  light.  This  model  has  been  carried 
further  by  Lewis  and  Wolbarsht  (2)  who  assume  that  the  entire  rod  outer  segment  forms 
one  compartment  in  a  modified  form  of  Wald's  compartment  hypothesis  (3).  All  the  rho¬ 
dopsin  molecules  in  this  compartment  (the  whole  outer  segment)  are  in  each  others'  elec¬ 
tronic  environment.  A  further  analysis  of  this  model  shows  that  it  can  meet  the  re¬ 
quirement  that  there  be  a  shift  in  photon  requirement  with  light  adaptation. 

The  nature  of  the  link  between  (or  binding)  rhodopsin  and  visual  transduction  can¬ 
not  be  specified  or  activated  at  the  moment.  It  may  be  the  release  of  calcium  ion,  a 
change  in  conductance  of  the  outer  segment,  or  even  (which  we  feel  is  the  most  likely)  a 
change  in  the  internal  pH  of  the  cell  following  proton  binding  by  the  protein.  Such 
changes  in  the  internal  pH  of  the  cell  could  be  the  first  step  to  visual  excitation  by 
influencing  transmitter  release  in  the  rod  (or  cone)  synaptic  region.  Interaction  be¬ 
tween  the  rhodopsin  molecules  may  be  mediated  by  proton  migration  or  some  similar  phe- 
nomen.  As  conformational  changes  in  proteins  such  as  an  allosteric  rearrangment  can 
take  place  in  nanoseconds  or  less,  no  time  lag  would  be  seen  on  the  physiological  time 
scale.  It  is  assumed  that  these  conformational  changes  remain  until  all  of  the  bleached 
rhodopsin  molecules  are  isomerised  back  into  the  active  form.;  This  preserves  the  de¬ 
crease  in  visual  sensitivity  resulting  from  the  bleaching  of  single  molecules  given  by 


Wald's  original  model  (3),  but  the  present  model  allows  a  greater  amplification  factor, 
and  also  accounts  for  the  variation  in  quantum  requirement  with  bleaching  (or  regenera¬ 
tion)  of  -isual  pigment.; 

3.;  VISUAL  ACUITY  AND  RETINAL  ORGANIZATION  (M,  Wolbarsht) 

After  the  photoreceptors  in  the  retina  have  been  activated  by  photo  absorption  and 
stimulate  the  next  neural  cell,  information  is  carried  to  the  higher  visual  centers  by 
the  various  neuronal  channels.  The  spatial  configuration  of  the  stimulus,  along  with 
all  other  visual  parameters  passing  through  the  retina,  is  assembled  at  the  ganglion 
cell  level.  All  coding  of  information  is  then  arranged  in  patterns  by  the  particular 
ganglion  cells  involved  for  passage  along  the  optic  nerve  to  the  higher  visual  centers. 

The  limits  of  visual  acuity  have  been  shown  to  be  dependant  upon  the  relation  be¬ 
tween  receptive  fields  of  the  ganglion  cells  and  the  sizes  and  locations  of  the  photo¬ 
receptors  (4).  Models  of  retinal  ganglion  cell  receptive  fields  based  on  the  physio¬ 
logical  data  collected  in  this  program  suggest  that  the  retina  does  not  preserve  spatial 
information  or  edge  contrast  data  in  a  point  to  point  relationship.  Rather  the  informa¬ 
tion  in  the  optic  nerve  is  coded  in  terms  of  overlapping  receptive  fields.; 

Most  theories  of  visual  acuity  ascribe  the  ultimate  visual  acuity  attained  to  the 
retinal  image  size  as  related  to  the  size  and  shape  of  the  photoreceptors  in  the  retinal 
mosaic  (5).  The  details  cf  the  image  on  the  retina  are  such  that  the  wave  properties  of 
light  itself  determine  tne  intensity  distribution,  that  is,  something  so  distant  in 
visual  space  that  it  is  a  point  source  from  the  standpoint  of  geometrical  optics.  A 
star,  for  example.-  is  focused  on  the  retina  not  as  a  point  but  rather  as  e  diffraction- 
limited  image.-  The  details  of  the  diffraction  limited- image  are  then  dissected  by  the 
receptors.; 

The  most  important  aspects  of  the  retinal  mosaic  are  the  minumum  center-to-oenter 
spacing  of  the  receptors,  their  size,  shape,  and  refractive  index,  all  of  which  deter¬ 
mine  their  waveguide  properties.  The  majority  of  the  analyses  of  visual  acuity  in  rela¬ 
tion  to  the  retinal  mosaic  have  been  concerned  with  how  the  retinal  anatomy  is  matched 
to  the  image  on  the  retina  as  calculated  and  measured  with  point  spread  functions  and 
modulation  transfer  coefficients  derived  from  a  spatial  frequency  analysis.  Models 
based  on  such  analyses  contain  an  implicit  assumption  that  information  transfer  through 
the  visual  system  presents  a  poin^-to-point  topographical  representation  of  the  retinal 
receptor  mosaic  up  to  the  cortical  level.  Thus,  as  an  end  result,  each  retinal  receptor 
is  represented  in  the  cortex  by  a  single  cell  or  group  of  cells.  In  these  models  the 
responses  of  the  cortical  cell  contain  coded  messages  representing  the  intensity  of  the 
light  or  the  appropriate  receptor.  However,  the  details  now  available  of  the  anatomical 
structures  in  the  human  visual  system  and  the  functions  as  presently  known  of  any  of  the 
cells  within  the  visual  system  are  not  compatible  with  a  strict  point- *-o-point  represen¬ 
tation  for  information  transfer  about  location  of  images  on  tne  retina.; 

In  much  of  the  retina,  each  ganglion  cell  is  connected  to  large-  numbers  of  recep¬ 
tors  to  produce  overlapping  r  .ceptive  fields.  In  the  foveal  region  (the  center  of  the 
retina)  where  the  visual  acuity  is  the  best,  the  histological  analysis  of  the  retina 
suggests  that  there  is  nearly  a  one-to  one  relationship  between  receptors  and  ganglion 
cells  with,  however,  slightly  fewer  ganglion  cells  than  receptors  (6)..  However,  this 
agreement  with  a  point-to-point  representation  maybe  more  apparent  than  real. 

Although  the  standard  for  visual  acuity  is  usually  considered  to  be  a  minimum  visu¬ 
al  angle  of  one  minute  of  arc,  this  performance  can  be  bettered  to  0.5  minutes  of  arc  by 
many  individuals,  presumably  with  the  same  type  of  retinal  makeup  (5).;  Also,  within  the 
visual  system  there  are  neural  mechanisms  which  could  act  to  increase  contrast  by  ampli¬ 
fying  small  differences  in  intensity  (7).  This  process  could  aid  in  the  detection  of 
the  borders  which  determine  visual  acuity.  It  has  teen  the  purpose  of  this  project  to 
examine  the  basis  for  visual  acuity  and  especially  to  consider  what  role  the  organiza¬ 
tion  of  the  neural  system  (that  is,  its  anatomy  and  coding  function  as  now  known)  plays 
in  determining  the  ultimate  limit  of  visual  acuity..  It  is  possible  that  tne  distortion 
of  the  information  by  receptor  to  ganglion  cell  connections  may  form  the  fundamental  and 
ultimate  limit  of  visual  acuity.; 

In  a  model  of  the  human  visual  system  which  has  point-to-point  representation  there 
must  be  as  many  ganglion  cells  as  receptors  and  the  connections  between  them  must  be 
simple.  A  suggestion  that  a  high  degree  of  visual  acuity  can  be  attained  without  this 
sort  of  organization  can  be  found  in  some  animal  eyes..  For  example,  in  hawk  and  eagle 
eyes  the  optics  and  visual  acuity  are  as  good  as  in  humans,  if  not  better  (8,  9,  10) 
However,  in  the  eagle  and  hawk  foveas,  the  reeeptor  to  ganglion  cell  ratio  is  quite  dif¬ 
ferent  from  that  in  the  human  fovea.  In  both  birds  there  are  at  least  three  and  possi¬ 
bly  10  receptors  to  one  ganglion  cell  (Miller,  1976;  Fite  and  Rosenfield-Wessels ,  1972)., 
This  indicates  that  good  visual  acuity  does  not  require  as  many  ganglion  cells  as  re¬ 
ceptors.  Furthermore,  in  these  visual  systems  at  least,  point-to-point  representation 
of  the  receptor  stage  throughout  the  visual  pathway  cannot  form  the  basis  of  visual 
acuity. 

There  is  an  additional  consideration  in  computing  the  ratio  of  receptors  to  gan¬ 
glion  cells  as  an  indication  of  nformation  processing  for  visual  acuity:  ganglion 
cells  are  not  all  the  same.;  They  are  not  equivalent  to  each  other  in  their  function.; 

On  the  basis  of  these  differences  in  function  they  can  be  grouped  into  several  distinct 
categories.  As  some  categories  may  not  be  involved  with  visual  acuity,  the  ratio  of 
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ganglion  cells  to  receptors  for  visual  acuity  may  be  far  less  than  is  calculated  from 
simple  anatomical  examinations.  Ganglicn  cells  carry  many  different  types  of  informa¬ 
tion  in  a  sort  of  time  sharing  relationship.  They  carry  the  intensity  information  re¬ 
quired  for  border  contrast  along  with  information  about  color  contrast,  for  information 
can  only  leave  the  retina  when  it  is  funneled  through  the  ganglion  cells. 

It  is  obvious  thrt  both  visual  acuity  and  color  information  are  changed  as  they  ere 
encoded  by  the  neural  networks  in  the  retina..  This  process  exaggerates  certain  fea¬ 
tures,  and  eliminates,  (or  at  least  compresses)  other  features.  Thus,  border  and  color 
contrast  are  increased.  In  some  aspects  the  image  on  the  retina  is  only  considered  by 
the  visual  system  as  the  basis  for  an  effort  to  reconstruct  the  source  in  visual  space 
rather  than  itself  to  be  accurately  perceived  by  the  higher  visual  centers.;  It  is  easy 
to  understand  how  this  information  distortion  could  lead  to  certain  types  of  visual  il¬ 
lusions  or  even  inaccuracies  in  perceiving  visual  space.  If  the  shapes  of  the  functions 
by  which  the  information  is  distorted  in  the  visual  system  were  known,  then  a  minimum 
band  width  visual  display  could  be  manipulated  to  emphasize  a  desired  feature.  Also, 
bandwidth  in  the  display  could  be  conserved  if  visual  features  that  were  known  to  be  ig¬ 
nored  by  the  visual  system  could  be  eliminated  from  the  display  (if  desired)  presented 
in  such  a  way  that  the  retina  would  emphasize  them. 

Figure  1  shows  the  photon  distribution  of  the  diffraction  pattern  of  the  retinal 
image  of  a  point,  and  in  Figure  2  are  the  diffraction  images  formed  by  two  adjacent 
points  as  the  separation  between  them  is  changed.  At  2.5  mm,  the  separation  of  the  cen¬ 
ters  of  the  two  points  can  be  distinguished  as  separate  by  many  people.  However,  due  to 
chromatic  aberration,  a  white  light  image  would  give  a  quite  different  photon  distribu¬ 
tion  from  a  morochromacic  source.  Yet,  both  are  discriminated  in  approximately  the  same 
way.  It  is  obvious  from  this  that  the  light  distribution  of  the  image  on  the  retina  is 
not  the  only  important  thing  for  visual  acuity.  Rather  it  is  the  neural  network  in  the 
retina  that  treats  the  information. 

Our  work  has  indicated  that  all  retinal  receptive  ganglion  cell  fields  are  quite 
large.  This  indicates  to  us  that  point  to  point  representation  of  all  retinal  locations 
is  not  the  basis  of  the  type  of  acuity  discrimination  shown  in  Figure  2. 

Some  sample  data  on  the  receptive  fields  of  retinal  ganglion  cells  are  shown  in 
Figures  3  and  4.  These  figures  are  from  a  Y  cell,  which  type  is  generally  agreed  to  be 
the  major  pathway  for  visual  acuity  informati  n  flow.  Although  the  recordings  shown 
are  from  a  cat,  similar  recordings  have  been  made  from  monkeys,  and  presumably  such 
cells  are  also  in  the  human  retina,  especially  in  the  foveal  region. 

It  seems  obvious  that  an  understanding  of  the  coding  in  the  ganglion  cell  will  aid 
in  our  understanding  of  visual  illrsions  and  figure  color,  and  also  will  allow  us  to 
optimize  cockpit  or  heads  up  display  systems  as  reqards  border  contrast  information. 

Our  information  is  sufficient  at  this  point  to  suggest  that  where  engineering  re¬ 
quirements  make  a  choice  between  spectral  purity  or  border  contrast  information  as  part 
of  a  heads  up  display  system,  border  contrast  information  should  be  chosen.  This  will 
allow  terrain  features  or  other  types  of  information  to  be  more  quickly  assimilated  and 
selected  features  emphasized  by  removing  certain  types  of  detail  that  the  visual  system 
will  only  recognize  as  clutter  in  the  visual  presentation. 


4,  VISUAL  PERFORMANCE  OF  AIRCREW  PERSONNEL  UNDER  SPECTRALLY  SELECTIVE  FILTER 
CONDITIONS  (G.  Chisum) 

The  visual  performance  of  the  aircrew  personnel  in  high  speed  low  level  flight  is 
hampered  by  a  variety  of  problems.  One  of  these  is  the  distortion  of  the  visual  scene 
by  various  airplane  components,  such  as  the  cockpit  screen  and  any  individual  visors. 

The  Naval  Air  Development  Center  Project  No,  WR041-0110101/DG1XX  addresses  this  problem 
directly.  The  selective  absorption  or  reflection  of  parts  of  the  visible  spectrum  can 
result  in  distortion  of  the  visual  environment.  It  may  also  alter  the  appreciation  of 
any  cockpit  or  heads  up  display  by  changing  the  background  visual  environment.  This 
program  is  designed  to  furnish  information  on  the  effects  of  such  filters  on  the  func¬ 
tions  of  the  visual  system,  especially  on  any  degradation  or  enhancement  of  visual 
performance . 

The  systems  approach  to  the  design  of  the  heads  up  or  cockrit  display  must  take  ac¬ 
count  of  the  presence  of  any  filter  and  its  protective  feau-^oo,  so  that  the  overall 

combination  can  be  optimized.  An  important  part  of  this  design  information  is  the  in¬ 
teraction  between  the  visual  system  and  the  display,  ir,  combination  with  any  adverse 

stimulus  from  the  environment.  Thus,  a  knowledge  of  the  detailed  function  of  the  visual 

system  is  necessary,  in  addition  to  any  psychophysical  tests  which  demonstrate  the 
changes  in  visual  performance  with  specific  eye  protection  filters.  Ideally,  the  fil¬ 
ters  should  be  chosen  so  that  not  only  are  the  unwanted  aspects  of  the  environment  mini¬ 
mized,  but  also  that  the  desired  features  of  the  visual  display  be  emphasized.  This 
could  be  especially  valuable  in  any  combined  presentation  of  the  external  environment 
together  with  a  heads  up  (or  helmet)  display  system  with  a  prerecorded  trip  map  of  the 
flight  (mission)  in  which  selected  features  are  projected. 


5,  MONITORING  EYE  MOVEMENTS  FOR  WIDE  ANGLE  DISPLAYS  (J,  Kulik) 
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Head  and  eye  tracking  systems  are  being  investigated  in  order  to  determine  the  pi¬ 
lot's  areas  of  interest  in  his  visual  environment  during  high  speed,  low  level  flight. 
The  purpose  of  monitoring  eye  position,  and  the  area  of  interest  is  to  insure  that  the 
selected  portion  of  the  display  has  the  highest  possible  detail  in  proportion  to  that 
of  the  remaining  portion  of  the  presentation  at  the  time  the  pilot  desires  it.  It  is 
difficult  from  engineering  and  economical  considerations  for  all  portions  of  the  visual 
presentation  to  be  at  the  highest  level  of  resolution  at  all  times.  However,  by  ascer¬ 
taining  where  the  pilot  is  looking,  the  high  detail  level  presentation  (insert)  can  be 
made  in  selected  portions  of  visual  space  at  the  expense  of  other  less  well  appreciated 
points.  Thus,  an  eye  tracker  can  assure,  that  as  the  fovea  is  moved  around  to  different 
parts  of  visual  space,  the  detail  in  the  presentation  of  a  projection  in  visual  space 
will  be  tailored  to  fit  the  capabilities  of  the  visual  system.-  This  could  result  in  a 
considerable  saving  in  terms  of  allocation  of  system  band  width.- 

Training  for  low-level,  high  speed  flight,  and  target  acquisition  is  either 
dangerous  or  costly  using  combat  ready  aircraft,  particularly  in  terms  of  the  amount  of 
flight  time  devoted  to  the  actual  training.  Traditionally  training  has  been  mainly  ori¬ 
ented  towards  simulation  devices..  As  a  variety  of  events  occur  around  the  pilot,  farily 
wide  field-of-view  visual  displays  are  needed  for  effective  training.-  Two  technologies 
are  currently  competing  to  provide  such  wide-angle  displays;  a  mosaic  of  large  cathode 
ray  tubes  around  the  cockpit  to  present  an  out-the-wii.dow  image  of  the  world;  and  pro¬ 
jected  images  on  a  dome  surrounding  the  cockpit.  In  order  to  train  for  these  tasks  ef¬ 
fectively,  high  resolution  targets  (either  on  the  ground  or  in  the  air)  must  be  pre¬ 
sented.  The  manner  of  obtaining  this  level  of  resolution  in  a  cost  effective  manner  is 
the  subject  of  the  present  research  and  devlopment  work. 

The  CRT  systems  in  the  Air  Force's  Advanced  Simulator  for  Pilot  Training  and  the 
Simulator  for  Air-to-Air  Combat  present  images  of  uniform  resolution  on  each  CRT  face, 
with  wider  fields  of  view  achievable  by  adding  more  such  channels,  yet  these  display 
systems  are  expensive  and  delicate.  Dome  projection  systems  have  approached  the  problem 
of  high  resolution  images  by  having  at  least  two  projection  channels  -  one  to  display 
a  low-resolution  background  spread  over  the  entire  field  of  view,  and  a  second  to  insert 
high-resolution  images  of  objects  of  interest.  Currently  such  systems  can  present  fair¬ 
ly  detailed  images  of  objects  if  the  location  of  that  object  relative  to  the  pilot  is 
known.. 

Ideally,  the  ability  of  a  display  system  to  produce  high-resolution  images  of  lim¬ 
ited  size  should  be  directable  by  the  needs  of  the  pilot  being  trained,  i.e.. ,  he  should 
be  able  to  examine  any  object  in  his  visual  world  (external  to  the  cockpit)  in  suf¬ 
ficient  detail  to  identify  it..  The  Naval  Training  Equipment  Center  is  currently  devel¬ 
oping  an  area-of- interest  computer  image  generation  system  with  a  variable  level  of  de¬ 
tail  scene  output.  This  would  allow  a  computer  generated  image  of  non-uniform  level  of 
detail  with  the  area  of  greatest  detail  density  placed  wherever  selected.  A  helmet 
mounted  projector  for  dome  images  is  being  investigated  to  minimize  the  distortions 
arising  from  the  differences  of  position  of  the  pilot's  eyes  and  the  projection  source.. 
Both  types  of  display  must  allow  the  subject  to  determine  the  location  of  the  high-de- 
tail  area  of  the  displayed  image  by  his  point -of -gaze .;  The  real  problem  is  the  mechani¬ 
zation  of  such  a  capability  which  involves  the  tracking  of  both  the  position  of  the  pi¬ 
lot's  head  and  eyes,  and  real  time  calculation  of  the  direction  of  gaze.  Fortunately, 
some  of  this  problem  has  been  solved  as  there  are  operational  head  trackers  to  give  the 
position  of  the  head  in  three  rotational  degrees  of  freedom  to  an  accuracy  of  about  0.5 
degrees  by  means  of  nutating  three  axis,  magnetic  fields  with  helmet  sensors.  The 
system  delay  is  less  than  20  milliseconds,  which  is  sufficient  as  head  velocity  is  less 
than  300  degrees  per  second. 

Tracking  the  position  of  ^he  eyes  poses  more  of  a  problem,  even  though  the  high 
accuracy  achievable  by  some  techniques  of  eye  monitoring  (11)  may  not  be  needed.  Also, 
the  complex  optical  arrangements  needed  for  these  measurements  are  not  desirable.  Simple 
infrared  detectors  can  monitor  the  horizontal  movements  of  the  eyes  within  a  degree. 
Following  vertical  eye  position  requires  some  development  work,  for  infrared  detectors 
can  monitor  the  position  of  the  lower  or  upper  lid,  but  these  move  with  different  dynam¬ 
ics  than  the  eyeball.-  Regardless  of  the  technique  used,  eye  position  in  two  rotational 
degrees  of  freedom  must  be  known  to  determine  the  point  of  gaze.: 

Of  more  technical  interest  is  the  need  to  predict  the  new  point  of  gaze  as  a  change 
is  detected.  This  is  required  by  the  sequence  of  operation  of  the  flight  simulator  in 
which  the  positions  of  the  various  controls  in  the  cockpit  are  iteratively  sampled.-  The 
proper  response  of  the  aircraft  to  these  inputs  is  then  calculated  and  simulated.:  The 
newer  systems  have  30  stnples  per  second..  In  computer  image  generated  visual  display 
system,  changes  in  position  of  the  aircraft  are  calculated  and  made  the  basis  for  the 
image  by  an  appropriate  picture  processor.  The  processors  operate  at  30  Hz  but  take 
three  frames  (about  100  milliseconds)  to  produce  a  new  image.  This  means  that  delay 
from  pilot  input  until  the  responses  of  the  aircraft  are  displayed  can  exceed  120  milli¬ 
seconds.  However,  the  Naval  Training  Equipment  Center  system  can  almost  halve  that 
time  by  operating  at  60  Hz. 

Obviously  for  an  area-of-interest  image  generation  system,  any  prediction  of  the 
coordinates  of  a  new  point  of  gaze  while  the  eye  is  moving  will  reduce  the  delay  before 
the  correct  image  appears.  Several  metrics  for  predicting  the  new  point  of  gaze  while 
the  eye  is  moving  are  under  consideration,  but  few  data  exist  that  could  give  an  indica¬ 
tion  of  how  accurate  they  are.  The  velocity  wave- forms  of  saccades  are  roughly  sym¬ 
metric  -  suggesting  that  a  peak  velocity  could  be  used  until  it  levels  off  at  velocities 
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of  550  to  750  degrees  per  second.  The  velocity  at  the  peak  positive  acceleration  has 
also  been  suggested  as  a  metric  for  prediction.  Both  of  these  measures  are  relatively 
easy  to  obtain,  but  no  data  exist  correlating  them  with  the  resting  position  of  the  eyes 
after  a  saccade,  However,  some  data  does  indicate  a  continuing  variability  of  peak 
velocities  and  accelerations  for  saccades  of  fairly  fixed  size  (12,  13).  Possibly  the 
metric  selected  could  be  stabilized  by  averaging  or  filtering.; 


The  amount  to  which  head  and  eye  position  can  be  accurately  (and  unobtrusively) 
monitored  will  determine  the  feasibility  of  using  a  high-level  of  detail  area  visual 
display  controlled  by  the  pilot's  interest.  How  accurately  and  early  the  resting  point 
of  gaze  can  be  predicted  during  an  eye  movement  will  affect  the  appearance  of  such  a 
visual  display.;  Although  the  proper  appearance  of  the  area  of  interest  will  be  delayed 
by  some  amount  -  and  that  is  yet  to  be  determined  -  how  aversive  or  disruptive  this  de¬ 
lay  is  must  also  be  determined.  Long  delays  in  manual  control  systems  certainly  affect 
pilot  control  performance  (14)  but  there  is  no  comparable  data  for  visual  target 
tracking.  However,  tracking  is  not  really  the  problem.  Rather,  we  are  concerned  with 
the  pilot's  selection  of  where  he  would  like  more  detail  in  the  visual  scene..  Any  delay 
of  that  information  might  be  noticed  and  could  disrupt  the  scan  pattern  in  target  ac¬ 
quisition  tasks.. 

The  importance  of  delayed  presentation  of  information  during  scan  patterns  is  now 
under  investigation  at  the  Naval  Training  Equipment  Center..  A  two-gun  CRT  is  used  to 
present  a  fixation  point  and  a  moveable  target,  and  delays  of  various  durations  are  in¬ 
serted  into  thr  movement  of  the  target.  The  task,  initially,  is  to  move  the  eyes  in 
saccades  to  selected  positions  at  various  distances  from  tne  fixation  point,  and  to 
report  if  the  delayed  appearances  of  the  target  was  appreciated.  Normal  forced-choice 
psychophysical  procedures  are  used  to  determine  thresholds  as  a  function  of  the  size  of 
the  saccade,  the  size  of  the  target,  and  its  relative  contrast.  Preliminary,  but  en¬ 
couraging,  observations  indicate  that  delays  below  100  milliseconds  are  not  very  notice¬ 
able. 


The  delayed  appearance  of  a  part  of  a  visual  scene  which  tracks  eye  position  may 
not  be  well  appreciated  because  of  saccadic  suppression  -  the  attenuation  of  vision 
during  rapid  movement  of  the  eye..  Any  saccadic  suppression  will  make  these  areas  of 
targets  display  systems  more  acceptalbe.;  Some  estimates  of  the  time  course  of  saccadic 
suppression  (taken  from  Volkman,  1976)  indicate  a  period  of  100  to  150  millisecond  from 
the  start  of  a  saccade  until  the  visual  thresholds  are  again  normal..  Any  changes  in  the 
visual  scene  during  that  period  will  be  less  noticeable  than  normal..  The  important 
questions  are  how  much,  and  is  that  enough.  Presently  there  are  no  answers,  but  reviews 
of  the  suppression  literature  (15,  16)  are  encouraging.  Only  movements  in  part  of  the 
display,  which  are  large  relative  to  the  size  of  the  saccade,  are  noticed, . (17 ,  18). 
Thus,  for  a  computer  generated  area-of-interest  display  as  movement  is  minimized  in 
extent,  delay  may  be  less  of  a  problem.. 

The  size  of  the  high  level  of  detail  irsert  is  also  important  in  the  design  of  a 
moveable  area-of-interest  display.  It  probably  need  not  exceed  foveal  dimensions,  as 
visual  acuity  falls  sharply  outside  the  fovea.-  Yet  much  data  Jjas  been  accumulated 
that  indicates  that  infe-mation  is  used  from  larger  areas  (6  -8  )  at  suprathreshold 
levels.  The  size  of  this  "functional  field  of  view"  -where  information  can  be  extracted 
from  a  visual  display  -  seems  dependent  on  the  density  of  irrelevant  items  in  displays 
containing  descrete  elements  (19) ,  and  on  the  size  of  the  scence  to  be  processed  (20)  .- 
Is  is  probably  a  function,  also,  of  the  sort  of  visual  information  the  observer  needs 
from  a  given  scene.  From  this  it  is  quite  likely  the  display  will  be  improved  if  an 
area  larger  than  the  fovea  has  the  greater  resolution. 

The  allocation  of  system  bandwidth  within  an  area-of-inter«.st  display  which  tracks 
the  point  of  gaze  is  another  important  design  consideration.  It  would  be  helpful  to  re¬ 
duce  the  total  system  bandwidth  needed  for  wide  angle  display  systems  sufficiently  that 
special  purpose  components  would  not  be  needed.;  Indeed,  this  was  the  motivation  for 
developing  the  present  area-of-interest  displays..  A  uniform  high  resolution  is  used 
across  the  insert  with  a  uniform  lower  resolution  for  background..  This  need  not  be  the 
case.  Computer  image  generation  systems  change  the  density  of  pixels  along  a  raster 
scan  line,  and  an  optimal  distribution  of  pixel  density  about  the  point  of  gaze  has  not 
been  found.  A  non-uniform  distribution  would  conserve  bandwidth  in  the  sense  that  it 
would  allow  more  resolution  where  it  can  be  used  by  the  eye,  but  the  nature  of  its  fall- 
off  about  the  center  of  gaze  depends  upon  a  number  of  factors.  Clearly  as  the  center  of 
this  area  must  respond  to  eye  and  head  position,  the  accuracy  with  which  this  can  be 
done  will  determine  how  large  the  insert  must  be.  '"his  and  the  cost  of  display  equip¬ 
ment  will  determine  the  bandwidth  allocation  within  the  display,  and  ultimately,  the 
image  resolution.  Hopefully,  knowledge  about  the  information  processing  of  human  ob¬ 
servers  can  place  some  boundries  on  how  the  bandwidth  should  be  spread  with  regard  to 
the  visual  axis. 

6.  CONTINUOUS  EVOKED  RESPONSES  AS  AN  INDICATOR  OF  TOLERANCE  (M.  Cohen) 

High  speed  low  level  flight  often  has  abrupt  changes  in  direction  with  attendant 
high  G  forces.  These  high  G  forces  are  accompained  by  changes  of  visual  function,  par¬ 
ticularly  decreased  visual  sensitivity,  dimming  of  the  visual  field,  development  of  pe¬ 
ripheral  and  central  scoatomas,  and  even  blindness.  All  these  changes  in  the  visual 
system  are  due  to  inadequate  blood  supply  to  the  eyes  and  brain  when  acceleration  pro¬ 
duces  hydrostatic  pressures  that  exceed  cardiovascular  capabilities.  We  are  developing 
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a  technique  to  measure  the  evoked  cortical  responses  as  an  indicator  of  G  tolerance.. 

The  initial  experiments  have  been  designed  to  find  which  evoked  cortical  responses  can 
be  correlated  with  changes  in  blood  flow  as  measured  by  Doppler  techniques.  The  blood 
flow  is  modified  by  increases  in  G  from  acceleration,  and,  also,  various  physiological 
conditions  including  straining  maneuvers.  The  purpose  of  this  program  is  to  develop  a 
visual  evoked  response  recording  system  helmet  to  act  as  an  integral  part  of  the  feed¬ 
back  system  in  the  G  suit.  This  will  assist  in  maintaining  the  pilot  in  good  physio¬ 
logical  condition  during  the  maneuvers  characteristic  of  high  speed,  low  level  flight. 

Modern  high  performance  jet  aircraft  are  capable  of  generating  and  sustaining  ac¬ 
celerative  forces  that  far  exceed  the  tolerances  of  their  operators.-  The  downward  (G  ) 
loading  of  blood  in  the  heart-brain  hemodynamic  column  can  exceed  the  upward  forces  gen¬ 
erated  by  the  action  of  the  heart.  This  results  in  blood  pooling  in  the  legs  and  abdo¬ 
men.  while  the  eyes  and  the  brain  are  deprived  of  freshly  oxygenated  blood;  loss  of  visu¬ 
al  sensitivity,  first  in  the  periphery  and  then  in  the  central  areas,  can  be  followed  by 
total  blockout  and  unconsciousness,  all  in  rapid  order. 

The  280  mm  heart-brain  hemodynamic  column  produces  forces  of  approximately  280  gm. 
with  normal  gravity.  The  heart  brain  column  is  roughly  equivalent  to  a  column  of  Hg 
20.6  mm  in  height.  As  the  peak  systolic  pressure  of  blood  at  the  heart  is  about  120  mm 
Hg,  bloodflow  to  the  brain  would  cease  in  an  unprotected  and  uncompensated  subject  at 
5.8  Gz. 

Normal  intraocular  pressures  are  20  mm  Hg  or  less.  Thus,  bloodflow  to  the  retina 
should  cease  at  about  1  G  less  than  when  the  brain  itself  is  deprived  of  oxygenated 
blood.-  As  the  visual  changes  generally  precede  the  loss  of  CNS  functioning,  visual  cri¬ 
teria  for  human  tolerarce  have  often  been  adopted.- 

Animal  studies  have  shown  that  general  anoxia  affects  the  more  central  parts  of  the 
visual  pathways  first,  beginning  with  the  cortex,  and  progressing  to  the  lateral  genicu¬ 
late  nucleus,  to  ganglion  cells,  to  bipolar  cells,  and,  finally,  to  the  retinal  recep¬ 
tors.  However,  during  G  acceleration,  ischemia  is  first  manifested  in  the  retina  where 
as  the  local  arterial  pressure  falls,  the  high  intraocular  pressures  of  the  order  of  20 
mm  Hg  cause  occlusion  of  the  blood  vessels  beginning  with  the  capillaries.  The  ischemia 
occurs  first  in  the  periphery  of  the  retina  because  the  caliber  of  the  capillaries  gene¬ 
rally  decreases  towards  the  periphery  (Ward,  1968).-  Thus,  the  loss  of  peripheral 
vision,  progress  to  loss  of  central  vision  and  blackout,  may  be  attributed  to  retinal 
ischemia.  These  retinal  events  are  considered  to  be  precursors  of  unconsciousness  due 
to  cerebral  ischemia. 

This  description  of  the  cardiovascular  function  of  unprotected  and  uncompensated 
human  subjects  in  acceleration  environments  represents  only  a  first  order  approximation; 
the  real  situation  is  by  far  more  complex.  Nevertheless,  it  is  sufficient  to  allow  ex¬ 
amination  of  some  currently  employed  methods  for  enhancing  human  G  tolerance. 

One  simple  method  would  be  to  reduce  the  height  of  the  cardiovascular  column. 

Placing  the  subject  on  his  back  replaces  the  G  (head  to  toes)  accelerative  forces  by  G 
(chest  to  spine)  forces.  In  this  position  the  subject  can  tolerate  more  than  an  11  G  on 
the  airframe.  Enhanced  G  tolerance  also  results  when  the  blood  is  prevented  from 
pooling  in  the  lower  extremities  and  the  abdomen.  This  increase  in  the  circulating 
blood  volume  results  from  inflation  of  the  bladders  in  a  conventional  G-suit  and  pro¬ 
vides  between  1.5  and  2.0  G  additional  protection.  Straining  maneuvers,  in  which  the 
subject  exhales  against  a  closed  or  partially  closed  glottis  (the  L-l  and  M-l  maneu¬ 
vers),  increase  intrathoracic  pressure,  diminish  blood  pooling,  and  provide  about  1.0 
to  2.0  G  additional  protection. 

It  is  extremely  important  to  be  able  to  evaluate  the  degree  of  G  protection  af¬ 
forded  by  all  methods.  Traditional  evaluations  have  relied  on  behavioral  and  subjective 
data  based  on: 

1)  changes  in  the  apparent  brightness  cf  a  series  of  lights, 

2)  detection  of  randomly  timed  presentations  of  lights  in  various  parts  of 

the  visual  field, 

3)  Manipulation  of  the  positions  of  lights  to  indicate  the  limits 

of  the  visual  field, 

4)  observations  of  ocular  motility  to  lights  presented  at 

random  positions. 


In  addition  to  these  behavioral  tests,  an  objective  physiological  indicator,  the 
Doppler  measurement  of  blood  flow  velocity  in  the  superficial  temporal  artery  has  been 
employed.;  This  non- invasive  technique  has  been  quite  promising.  Doppler  flow  velocity 
measures  can  provide  objective  criteria  for  human  G  tolerance.  However,  interpretation 
of  the  data  is  sometimes  difficult,  for  those  signals  depend  on  the  position  of  the  sen¬ 
sors  relative  to  the  underlying  arteries.-  This  i elation  can  be  disturbed  under  ac¬ 
celeration,  particularly  when  coupled  with  the  straining  maneuvers  L-]  and  M-l.  Fur¬ 
ther,  the  Doppler  techniques  do  not  have  the  same  margin  of  safety  provided  in  subjec¬ 
tive  tests  in  which  vision  fails  before  the  bloodflow  to  the  brain  is  impaired. 
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The  behavioral  measures  of  G  tolerance  do  have  a  margin  of  safety  afforded  by  the 
intraocular  pressure  which  terminates  vision  before  cerebral  function  is  impaired. 
However,  these  are  behaviorally  invasive,  for  when  subjects  perform  the  required  visu¬ 
al  tasks,  simultaneous  performance  of  other,  piloting-related,  tasks  is  hindered.-  Also, 
the  behavioral  measures  are  frequently  unstable,  often  providing  tolerance  limits  that 
differ  by  as  much  as  1  -  1.5  G  from  test  to  test,. 

It  would  be  desirable  to  obtain  methods  for  evaluating  G  tolerance  that  have  the 
following  characteristics:- 

1)  reliability  and  reproducibility,. 

2)  physically  and  behaviorally,  non -invasive.; 

3)  objective., 

4)  relatively  insensitive  to  experimental  artifacts. 

5)  give  rapid,  on-line,  real-time  discrimination. 

6)  have  a  margin  of  safety  for  determining  G  tolerance  without 

undue  risk  of  approaching  unconsciousness. 

The  objective  measures  of  the  integrity  of  the  visual  system  during  retinal  is¬ 
chemia  appear  to  have  a  potential  for  meeting  these  criteria. 

It  has  been  demonstrated  that  visually  discrim:.nable  photic  driving  of  the  filtered 
EEG  follows  the  frequency  of  the  stimulus.  Although  all  subjects  did  not  demonstrate 
these  phenomena,  the  results  are  encouraging.-  Subject  were  exposed  to  accelerative 
forces  in  the  human  centrifuge  while  measures  of  peripheral  light  loss,  photic  driving 
of  the  EEG,  and  ophthalmoscopic  observations  of  the  retinal  arterioles  were  obtained. 
Ophthalmoscopically  observed  collapse  of  the  retinal  arterioles  was  associated  with  both 
loss  of  photic  driving  on  the  EEG  and  peripheral  light  loss.  Blackout  coincided  with 
systolic  collapse  of  the  arterioles.-  In  this  study,  photic  driving  appeared  to  be  lost 
approximately  one  second  before  the  subject  signalled  grayout  (dimming  of  the  peripheral 
visual  field).  Electrophysiological  measurements  may  give  other  objective  tests  for  G 
tolerance. 

Visual  evoked  responses  (VER)  recorded  from  scalp  electrodes  constitute  a  non-spe¬ 
cific  cortical  response  to  light  that  does  not  necessarily  stand  in  a  fixed  relationship 
to  conduction  along  the  clasical  anatomic  visual  pathways.  For  example,  cortical  and 
subcortical  injury  to  the  occipital  lobes  by  crushing  or  ablation  is  followed  by  an  im¬ 
mediate  decrease  in  the  ampli'  ude  of  the  VER. 

The  Electroretinogram  (ERG)  consists  of  a  negative  a  wave  generated  by  the  retinal 
receptors  and  a  positive  b  wave  reflecting  activity  of  the  higher  neural  layers  of  the 
retina  and  may  provide  an  objective  measure  of  retinal  ischemia  and  G  tolerance.  The 
averaged  ERG  is  much  easier  to  detect  than  VER.  However,  as  stimulus  luminance  de¬ 
creases  the  ERG  virtually  disappears,  while  the  VER  remains.  Thus,  the  ERG  may  provide 
a  more  sensitive  index  of  retinal  functioning  than  the  VER,  If  the  sensitivity  of  ERG 
to  G  forces  parallels  its  sensitivity  to  decreased  stimulus  intensity,  the  ERG  may  pro¬ 
vide  an  excellent  indicator.  In  fact.  Ward  has  observed  that  the  amplitude  of  the  ERG 
b  wave  fell  by  40 %  in  anesthetized  beagles  exposed  to  1.5  G  and  disappeared  completely 
with  exposure  to  3.0  G  .  Unfortunately,  equivalent  researefi  has  not  yet  been  conducted 
with  human  subjects,  and  the  value  of  the  ERG  as  an  endpoint  remains  to  be  determined. 

Recent  advances  in  bio-electronics,  such  as  high-gain  st?ad/-§tete  lock-in  ampli¬ 
fiers,  fast  Fourier  transform  techniques,  and  improved  real-time' digital  computer  pro¬ 
cessing  methods  have  combined  to  make  feasible  the  continuous,  real-time  analysis  of 
small  amplitude  bioelectrical  signals  that,  in  the  past,  could  not  be  recovered  from 
background  noise.  Since  changes  in  visual  function  should  provide  a  reliable  indicator 
of  G  tolerance,  and  since  both  the  visual  evoked  cortical  responses  and  ERGs  have 
been  shown  to  provide  reliable  indicators  of  visual  functioning,  it  appears  that  time  is 
now  ripe  to  exploit  these  techniques  in  the  determination  of  human  tolerance  to  accel¬ 
eration. 
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9.  FIGURES 


Figure  1 

Intensity  distribution  of  the  difraction 
pattern  in  the  retinal  image  of  point  source.. 
The  solid  line  shows  the  Airy  disk  for  a 
monochromatic  source  at  560  nm.  The  dashed 
line  shows  the  ntensity  distribution  for  a 
point  source  ol  *hite  light  at  the  same  inten¬ 
sity  in  focus  a-  560  nm.  Adapted  from 
Le  Grand  (5) .. 
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Figure  2 
Intensity  distribution 


on  the  retina 


of  the  image  from  two  adjacent  point 
sources  of  light.  The  solid  lines 


show  the  algebraic  sum  to  two  mono¬ 
chromatic  (X=  560nm)  point  sources 


which  individually  have  the  same  ret¬ 


inal  image  of  the  point  sources  as 
shown  in  Fig.  2.  The  dashed  lines 
are  for  white  light.  A  separation  of 
2.5  um  gives  the  image  corresponding 
to  a  visual  acuity  of  6/3  (20/10).  At 
this  separation  there  is  a  very  small 


dip  in  the  central  intensity  distribu¬ 
tion  of  monochromatic  light.  For 
white  lignt  sources  there  is  no  dip.. 
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Figure  3 

Sensitivity  profile  of  an  X  type  ganglion 
cell  in  the  cat  retina.;  The  data  points 
indicates  the  intensity  required  to  give  a 
criterion  response.  The  ON  response  in  the 
center  has  a  dome  shaped  sensitivity  profile.. 
The  stimulus  is  400  ’um  on  the  retina,  or 
approximately  2  minutes  of  arc  in  the  visual 
field.  The  sensitivity  profile  of  the  peri¬ 
pheral  OFF  response  should  be  compared  with 
the  central  ON  response  loss  of  sensitivity 
with  distance..  More  information  on  the 
central  ON  response  is  given  in  the  Ricco 
field  plot  in  Figure  4,  which  suggests  that 
the  top  of  the  sensitivity  profile  should  be 
flatter. 


Figure  4 

The  Ricco  field  plot.  (Area  X  log  in¬ 
tensity) .  The  data  points  indicate 
the  intensity  required  to  give  a  cri¬ 
terion  response  for  the  ON  response  of 
a  cat  retinal  ganglion  cell  (X  type). 
The  sensit^ity  profile  of  the  central 
ON  and  peripheral  OFF  response;  of  h ;  • 
this  cell  are  shown  in  Figure  3.  This 
Ricco  field  plot  shows  complete  inte- 
ration  within  the  central  ON  response 
or  approximately  100  um.  The  fall 
off  of  sensitivity  with  increased 
stimulus  area  is  probably  due  to  the 
recruitment  of  inhibition  from  the 
antagonistic  surround. 
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HUMAN  FACTORS  IN  HIGH  SPEED  LOW  LEVEL  ACCIDENTS  -  A  15  YEAR  REVIEW 

Lieutenant-Colonel  R.C.  Rud 
Captain  D.r.  Leben 

Defence  and  Civil  Institute  of  Environmental  Medicine 
1133  Sheppard  Avenue  West,  P.0.  Box  2000,  Dovnsview,  Ontario,  M3M  3B9 

CANADA 


The  Canadian  Forces  Introduced  the  CF  104C  into  Squadron 
Operation  in  1963  and  since  that  time  these  aircraft  have  operated 
in  the  high-speed,  lov-level  environment  in  both  the  strike/recon- 
naissance  and  tactical  support  roles.  Fifty-seven  accidents  involv¬ 
ing  these  aircraft  are  reviewed  with  regard  to  cause  factors. 
Marginal  weather  appears  to  be  the  one  most  significant  factor 
contributing  to  low-level,  high-speed  accidents;  however,  several 
human  factors  such  as  visual  contrast  problems,  fatigue,  stress, 
reaction  time,  "mission  completion”  syndrome,  inattention  and  task 
overload  were  identified.  Aspects  of  accidents  which  typify  human 
factors  problems  are  described.  Suggested  possible  preventive 
measures  are  outlined. 


The  Canadian  Armed  Forces  have  been  flying  aircraft  in  the  high-speed  low-level  (HELL)  operational 
mode  for  the  past  17  years.  The  CF  104  operated  in  Europe  with  NATO  for  nine  years  in  the  strike/recon¬ 
naissance  role  and,  more  recently,  for  six  years  in  the  tactical  air  support  role.  In  addition,  the 
Canadian  Armed  Forces  have  also  utilized  the  CF  S  in  the  close  air  support  role  for  the  past  eleven 
years.  During  these  operations,  it  has  become  clear  that  even  with  effective  aircrew  operational  train¬ 
ing  and  a  vigorous  flight  safety  programme,  the  high  speed,  low  level  role  vas  dangerous  and  demanding  - 
resulting  in  what  appeared  to  be  a  significantly  high  rate  of  loss  of  aircraft  and  aircrew. 

The  present  survey  of  high  speed  low  level  accidents  confirms  the  findings  of  a  five-year  survey 
completed  by  LCol  I.H.  Anderson  in  1969,  (1)  who  concluded  that,  although  the  cause  of  most  accidents  in 
this  environment  cannot  be  absolutely  determined,  judgement,  decision  making  and  available  reaction  time 
are  factors  which  almost  surely  have  contributed  to  the  accidents.  This  survey  is  an  attempt  to  more 
clearly  identify  the  human  factors  associated  with  HSLL  flight  and  to  make  recommendations  which  may  en¬ 
hance  flight  safety  in  this  role.  The  following  mission  descriptions  illustrate  the  task  workload  and 
complexities  facing  aircrew  Involved. 

Strike.  A  typical  strike  training  mission  in  a  CF  104  was  as  follows.  A  preplanned  route,  chosen 
on  the  basis  of  forecast  weather,  was  flown  at  500  feet,  450  knots  (800  feet  during  bird  season,  April  to 
October).  The  last  leg  of  the  route  was  flown  at  50  feet  above  ground  and  550  knots  until  the  simulated 
nuclear  weapon  drop.  If  deteriorating  weather  was  encountered,  the  pilot  was  permitted  to  climb  to  2,000 
feet  above  ground  level  and  complete  the  route  using  ground  mapping  radar;  the  weapon  could  be  dropped 
"blind".  Target  procedures  were  clear-cut  in  that  the  prime  considerations  were  to  arm  and  drop  the 
weapon. 

Reconnaissance .  Reconnaissance  missions  were  flown  at  500  feet,  420  knots.  Routing  and  the  target 
for  each  mission  were  different,  and  therefo-e,  a  new  map  was  prepared  for  each.  Where  possible,  missions 
were  flovn  in  conjunction  with  ground  force  exercises  In  progress  -  hence  some  external  pressure  existed 
to  reconnoitre  a  particular  target  at  a  particular  time  and  hence  some  psychological  pressure  could  exist 
to  challenge  deteriorating  weather.  Reconnaissance  of  targets  of  opportunity  was  encouraged. 

With  the  requirement  to  acquire  visual  contact  with  the  target,  reconnaissance  pilots  would  be 
more  prone  than  their  strike  pilot  counter  parts  to  remain  VMC  below  cloud.  A  pull-up  into  cloud 
generally  resulted  in  an  aborted  mission. 

Pilots  were  trained  to  rely  upon  their  visual  observations  and  utilize  elements  of  essential  in¬ 
formation  (EEI)  cards.  The  aircraft  mounted  cameras  were  treated  as  a  back-up  capability.  Last  minute 
decisions  at  the  target  Included  which  cameras  to  utilize,  exposure  times  and  camera  settings  in  addition 
to  flying  the  aircraft  and  making  mental  notes.  Some  pilots  resorted  to  flying  left-handed  and  using 
their  right  hand  to  record  information  on  their  EEI  cards . 

Tactical  Air  Support .  The  most  demanding  role  assumed  by  Canadian  CF  104s  is  the  tactical  sir 
supoort  role.  Missions  are  planned  at  an  altitude  of  500  feet  and  a  speed  of  420  knot’s.  Since  these 
missions  are  flown  in  support  of  ground  forces,  little  or  no  flexibility  exists  as  to  the  target.  The 
route  to  be  flown  is  pre-planned  based  on  forecast  weather  and  known  threats  (e.g,  surface-to-air  missile 
sites).  Aircraft  are  usually  armed  with  a  mixture  of  ordnance  -  hence  the  pilot  must  make  airborne 
decisions  as  to  which  weapon  to  employ. 

When  operating  In  conjunction  with  a  Forward  Air  Controller  (FAC),  the  pilot  flies  to  a  pre-deter- 
mlned  area  by  means  of  a  pre-planned  route.  Once  in  the  area,  the  FAC  calls  tatget  location  to  the  CF 
104  pilot  by  means  of  a  map  reference.  While  flying  at  400  knots  plus  and  an  altitude  of  500  to  1000 
feet,  the  pilot  refers  to-his  1:250,000  mao,  locates  the  target,  determines  his  route  to  target,  decides 
upon  the  weapon  to  be  employed  and  determines  his  escape  route.  Each  weapon  has  its'  own  envelope  and. 
therefore,  the  speed,  type  of  delivery  (e.g.  level,  10,  20,  30  degree  dive  angles),  foul  lines  (for 
richochets)  and  release  points  vary  vith  each  weapon. 
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Whereas  the  strike  and  reconnaissance  missions  vere  flown  as  Independent  aircraft,  the  tactical 
air  support  missions  are  flown  as  formations  of  two,  three  and  four  aircraft.  The  formation  leader  is 
responsible  for  navigation  and  terrain  clearance  while  the  vingmen  are  responsible  for  station  keeping 
and  lookout  for  aggressor  aircraft. 


METHODS 

All  CF  104  accidents  from  1963  to  early  1979  were  reviewed.  Only  those  occurring  while  en-route 
on  a  low  level  mission  were  included  in  the  survey,  whereas  accidents  occurring  on  the  airfield  or  during 
take-off  or  landing  were  not.  Similarly,  accidents  occurring  in  flying  operations  above  1000  feet  above 
ground  level  (AGL)  were  not  Included.  Mission  types  included  operational  training  school  missions,  com¬ 
bat  ready  training,  and  actual  MATO  operational  flights.  Where  specific  cause  factors  are  available 
from  the  investigation  such  as  engine  malfunctions,  bird-strikes  or  range  richochets,  these  are  indi¬ 
cated.  In  these  cases,  human  factors  are  not  significant  except  in  the  manner  in  which  the  emergency  was 
handled.  Where  the  cause  is  undetermined  or  obscure,  the  most  probably  cause(s)  and  human  factors  in¬ 
volved  are  allocated  by  the  authors. 


RESULTS 

Of  the  57  high  speed,  low  level  accidents  reviewed,  28  were  caused  by  mechanical  failure,  bird 
strike  or  range  richochet  and  human  factors  analysis  was  not  carried  out  in  these  cases.  This  is  net  to 
say  that  human  factors  did  not  play  some  part  in  the  management  of  the  emergency,  but  in  many  cases 
there  was  no  Flight  Surgeon  assigned  to  the  investigation  team  and  human  factor  investigation  was 
usually  non-existant .  In  most  of  these  cases,  a  successful  ejection  was  carried  out. 

In  29  accidents,  the  investigating  board  could  not  determine  a  positive  cause  factor  (See  Table 
I) .  These  investigations  were  studied  and  the  following  human  factors  were  found  to  be  present  in  many 
of  the  situations  in  varying  degrees;  psychological  stress,  fatigue,  inattention,  task  overload,  visual 
contrast  or  illusory  situation,  reaction  time,  stress  of  formation  flying,  mission  completion  syndrome 
(this  will  be  discussed  later),  and  pilot  incapacitation.  These  factors  vere  then  assigned  as  possible 
primary,  secondary  end  tertiary  factors  contributing  to  the  accident.  These  are  tabulated  in  Table  II. 

There  were  two  fatal  accidents  where  reduced  visual  contrast  almost  certainly  caused  severe  dis¬ 
orientation  leading  to  the  accidents.  One  case  is  suspected  to  be  incapacitation  because  of  the  autopsy 
findings . 


DISCUSSION 

Weather .  There  is  no  doubt  that  weather  is  the  single  most  influential  factor  In  HSLL  accidents. 
In  13  of  29  accidents,  weather  was  definitely  a  contributing  factor.  This  is  even  more  profound  in  the 
European  environment  where  weather  played  a  major  part  in  10  of  19  accidents.  Further,  if  one  looks  at 
the  seasons,  seven  of  19  European  accidents  occurred  in  the  January  to  March  time  frame,  and  in  six  of 
these,  weather  was  clearly  a  deciding  factor.  Typical  weather  conditions  at  the  time  of  the  accidents 
were  low  overcast  or  obscure  ceilings  with  visibilities  reduced  to  zero  to  one  mile  In  snow  showers. 

It  can  be  fairly  safely  stated  that  fifty  percent  of  the  HSLL  accidents  In  the  European  environment 
would  not  have  occurred  if  weather  conditions  had  been  better  or  if  the  mission  had  not  continued  into 
deteriorating  weather. 

Human  Factors  Demonstrated 

••  Visual  Problems  -  Visual  contrast  or  illusion  are  usually  associated  with  environmental  condi¬ 
tions.  The  most  comon  variety  of  this  problem  is  the  'Vhice-out"  condition  occurring  when  an 
expansive  flat  snow  covered  area  blends  with  a  high,  light  overcast  and  the  horizon  cannot  be 
distinguished.  It  may  also  occur  in  other  low  contras.-  situations  such  as  dust  or  haze.  These 
conditions  are  ideal  for  the  induction  of  disorientation  which,  in  HSLL  flight,  is  uaually  catas¬ 
trophic. 

Illusions  also  may  cause  errors  in  orientation  and  judgement.  A  sloping  low  cloud  bank  may 
be  mistaken  for  the  horizon.  In  one  of  our  cases  the  height  of  desert  sage  brush  in  comparison 
to  Canadian  trees,  combined  with  sloping  ground  conditions  most  likely  contributed  to  the  pilot's 
unawareness  of  his  critically  low  altitude. 

In  one  accident,  a  CF  104  on  a  target  run  collided  with  an  RAF  Canberra  which  was  on  an  unre- 
l*b*d  mission.  In  this  case,  the  other  aircraft  was  not  detected  until  sufficient  reaction  time 
was  simply  unavailable.  The  relative  closing  speed  between  aircraft  was  estimated  at  400  meters 
per  second. 

k"  Mission  Completion  Syndrome  -  This  is  a  psychological  syndrome  which  causes  a  pilot  to  press 
on  in  dangerous  weather  or  a  dangerous  flight  profile  in  order  to  complete  the  mission.  Many 
factors  can  make  up  this  syndrome.  They  are  mainly  psychological  factors  involving  self-image 
and  peer  pressures.  It  can  be  claimed  that  a  common  personality  profile  of  pilots  in  general  is 
a  contributing  factor  -  "Per  Ardua  Ad  Astra".  Of  the  eight  accidents  clearly  exhibiting  this 
phenomenon,  seven  involved  experienced  seasoned  aircrew.  They  had  considerable  total  flying  time 
with  little  time  on  type  and  appeared  to  be  attempting  to  become  combat-rcady  in  the  shortest  pos¬ 
sible  time.  This  would  allow  them  to  stand  alert  or  take  over  supervisory  duties  such  as  those  of 
Flight  Cot*ander.  Some  had  considerable  CF  104  time  with  the  possible  self-imposed  notion  that 
they  should  be  ccpable  of  mission  completion  under  the  most  adverse  conditions.  A  reputation  as 
one  of  the  squadron's  top  bombers  or  gunners  seems  co  contribute  to  this  syndrome  as  docs  flying 
a  mission  in  an  international  competition. 
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c.  Stress  -  For  the  purposes  of  this  paper,  stress  is  defined  as  ...  "The  presence  of  one  or 
more  physical  or  psychological  stressors  generally  leading  to  inattention  and  thence  to  task 
overload."  The  stressors  identified  in  the  accidents  we  reviewed  were  psychological  stress, 
fatigue  and  formation  flying. 

Physical  fatigue  probably  accounts  for  more  inattention  than  we  may  suspect.  In  one  case 
examined,  it  is  highly  likely  that  the  pilot  was  physically  fatigued  severely  enough  to  cause 
Inattention.  He  had  flown  two  missions  two  days  previously  and  his  wife  contented  that  he  was 
fatigued.  The  day  before  the  accident  he  held  a  24  hour  alert.  The  accident  occurred  on  the 
third  trip  the  following  day;  a  day  of  hectic  briefings  and  debriefings  with  no  evidence  of 
between  flight  nourishment. 

There  were  many  forms  of  psychological  stress  detected  in  the  human  factors  analysis  of 
these  accidents  including  a  serious  argument  with  a  girlfriend,  girlfriend  pregnant,  minor 
irritating  malfunction  of  the  aircraft,  having  had  to  rush  to  change  aircraft  at  start-up, 
deteriorating  weather,  first  flight  as  section  or  element  lead  and  flying  in  an  international 
competition. 

Formation  flying  is  in  itself  a  stressful  activity  and  especially  so  while  low  level. 
Station  keeping  on  an  inexperienced  lead  at  low  level  is  particularly  stressful  as  one  has  a 
tendency  to  keep  one  eye  on  the  altitude.  One  accident  reviewed  (a  low  level  formation  col¬ 
lision)  can  be  attributed  to  this  factor. 

d.  Task  Overload  -  The  task  of  conducting  a  HSLL  mission  is  extremely  demanding  of  a  poorly 
trained,  borderline  pilot  who  is  continually  behind  the  aircratt.  If  adverse  weather  is  then 
encountered  or  an  in-flight  emergency  occurs,  conditions  become  ideal  for  an  accident. 

Incapacitation .  The  one  case  attributed  to  pilot  incapacitation  was  based  on  the  fact  that  the 
autopsy  findings  revealed  a  75  percent  restriction  in  the  right  coronary  artery. 

The  human  factors  listed  above  cannot  be  viewed  in  Isolation  since  many  of  them  interact  to  lay 
the  groundwork  for  an  accident.  However,  there  are  certain  combinations  evident  in  HSLL  accidents 
which  can  be  divided  artifically  into  four  basic  patterns: 


a.  Type  I 


STRESS — ^INATTENTION - VASK  OVERLOAD - ^REDUCED  TIME- 

(psychological  FOR  REACTION 

or  physical) 


►ACCIDENT 


This  seems  to  be  the  most  common  pattern  probably  accounting  for  13  of  the  29  accidents ., 

b.  Type  II 

MISSION  COMPLETION  ^REDUCED  TIME _ !w ACdDENT 

SYNDROME  ~ >TASK  0VERL0AD - REACTION  >ACCIDENT 

This  pattern  probably  accounted  for  10  of  the  29  accidents. 

c.  Type  III 

VISUAL  PROBLEM - ^REDUCED  REACTION  TIME - ^ACCIDENT 

(low  contrast  N\  ^ 

illusion)  / 

DISORIENTATION 

Five  of  our  series  seemed  to  be  this  type  of  accident.  Including  two  almost  certain 

cases  of  disorientation. 

d.  Type  IV 

PILOT  INCAPACITATION — ^  ACCIDENT 

One  accident  in  our  series  was  thought  to  be  this  type. 

The  advantage  of  splitting  the  accidents  into  these  types  allows  each  pathway  to  be  analysed  as 
if  it  were  a  disease  process.  As  in  most  disease  processer,  there  are  signs  (objective  observations) 
and  symptoms  (subjective  feelings)  for  various  stages  of  each  of  these  pathways.  By  evaluating  the 
pathways  with  this  approach,  one  can  recognize  areas  where  intervention  may  be  possible  in  the  inter¬ 
ests  of  accident  prevention.  For  example,  recognition  of  dangerous  stress  levels  with  temporary  re¬ 
moval  of  the  affected  aircrew  from  flight  status  may  prevent  some  Type  I  accidents.  A  means  of  detect¬ 
ing  reduced  attention  and  a  method  of  alerting  the  subject  would  also  make  it  possible  to  interrupt 
this  pathway.  Inattention  can  also  be  detected  by  wingmen  and  perhaps  some  sort  of  challenge  system 
could  be  developed  to  determine  alertness. 

Task  overload  la  very  difficult  to  recognize  but  it  may  be  possible  tor  n  subject  to  make  such 
a  judgement  before  reaching  the  stage  where  his  time  for  reaction  is  so  short  that  he  is  fortunate  to 
be  able  to  eject  from  the  situation. 
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The  mission  comp le tic  syndrome  contains  certain  Ingredients  which  are  often  recognizable;  high 
total-time  pilots  In  operational  training  or  combat-ready  training;  high  time-on-type  pilots  checking 
out  new  crevs  in  adverse  weather;  pilots  assigned  to  fly  In  International  competition  (expecia’ ly  those 
with  previous  weapons  trophies)  and  other  factors  probably  more  readily  recognized  by  operational  air¬ 
crew. 

Conditions  which  predispose  to  low  visual  contrast,  loss  of  horizon  or  visual  Illusions  are  often 
recognizable  and  could  act  as  a  warning  to  pilots  flying  In  these  conditions. 

COKCLUSIO’IS  and  RECOMMENDATIONS 

In  summary,  57  HSLL  accidents  were  reviewed.  Twenty-nine  of  these  were  found  to  have  obscure 
causes  and  were  assumed  to  Involve  human  factors.  In  effect,  these  accidents  are  probably  due  to  the 
pilot  gerting  Into  a  situation  from  which  the  time  needed  to  recover  is  greater  than  the  reaction  time 
available.  The  question  is  what  factors  contribute  to  the  development  of  this  situation?  He  believe 
that  the  following  factors  are  involved: 

-  physical  and  psychological  stress  leading  to  inattention; 

mission  completion  syndrome  which  drives  a  pilot  to  fly  into  dangerous  conditions;  and 

-  the  visual  problems  which  may  result  from  poor  weather  and  conditions  of  illusion. 

It  is  conceded  that  these  factors  are  often  inter-related  and  difficult  to  separate,  but  for  prevention 
purposes,  they  can  be  looked  at  separately.  It  is  considered  that  positive  action  should  be  taken  to 
attempt  to  identify  and  eliminate,  as  far  as  possible,  these  contributing  human  factors. 

It  is  recommended  that:- 

a.  The  research  community  study  the  various  stress  fa: tors  on  aircrew  with  a  view  to  providing 
the  individual  aircrew  and  flight  supervisory  personnel  with  some  means  of  identifying 
individuals  who  are  strained  to  a  dangerous  level. 

b.  The  research  community  continue  to  work  on  developing  a  method  of  detecting  dangerously 
reduced  levels  of  alertness  or  awareness  in  aircrew  with  a  view  to  providing  them  with 
a  feed-back  alerting  system  in  such  clrcimistances. 

c.  Operational  staffs  recognize  the  factors  which  predispose  to  the  mission  completion  syndrome, 
attempt  to  identify  aircrew  at  risk,  and  take  action  to  eliminate  this  condition. 

d.  The  operational  staffs  be  particularly  aware  of  conditions  predisposing  to  low  visual  con¬ 
trast  situations  and  visual  illusions  and  to  modify  flying  progranmes  accordingly  when  these 
conditions  exist.  In  addition,  attltudinal  change  is  required.  Aircrew  must  be  convinced 
that  it  is  not  heroic  to  fly  into  weather  which  is  deteriorating  below  safe  limits. 

It  is  appreciated  that  the  above  recommendations  may  be  difficult  to  Implement  without  compro¬ 
mising  the  effectiveness  of  the  squadron  and  without  destroying  the  "tiger"  spirit  in  the  aircrew. 
However,  it  would  appear  that  the  human  factors  discussed  have  significant  accident-producting  potential 
and  efforts  ahould  be  put  forth  in  thit  area. 
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TABLE  I 

Suanarv  of  Accidents  Involving  Human  Factors 
Total  Accidents  Where  Human  Factors  Played  the  Major  Role  29 

Fatalities  21 

Ejections:  Successful  4 

Not  Successful  1 

Aircraft  and  Aircrew  Safely  Recovered  3 

Average  Pilot  Age  27  Years 

Average  Flying  Times:  Grand  Total  2184  Hours 

Time  on  Type  293  Hours 

Last  30  Days  23  Hours 


TABLE  II 

Distribution  of  Human  Factors  as  Accident  Causes 

Number  of  Accidents  Where  Human  Factor  was  Assigned  as  Possible 
Cause  Factor  (n  «  29) . 


Human  Factor 

Visual  Contrast  or  Illusion 
Mission  Completion  Syndrome 
Inattention 
Task  Overload 
Psychological  Stress 
Reduced  Reaction  Time 
Fatigue 

Stress  of  Formation  Flying 
Pilot  Incapacitation 


Primary  Secondary  Tertiary 
7  14 

7  4  1 

5  10  7 

4  12 

2  6  6 

14  7 

112 
12  0 
10  0 
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DISCUSSION 

DR.  S.A.  NUNNELEY  (US) 

It  occurred  to  me  in  reading  the  pre-print  for  this  paper  that  possibly  this  business  of  overload 
might  constitute  a  syndrome  which  would  be  recognisable  by  the  individual.  It  might  be  possible  to 
develop  a  programme  similar  to  the  USAF  hypoxia  training  programme  in  which  we  expose  aircrew  members 
to  hypoxia  so  that  they  will  find  out  what  is  likely  to  be  their  own  symptom  pattern.  I  wonder  if 
we  could  oevelop  some  kind  of  overload  situation  in  the  laboratory  to  which  pilots  could  be 
routinely  exposed  so  that  they  would  be  aware  of  their  own  symptoms . 
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ABSTRACT 

Physical  comj stability  of  man  and  machine  must  be  evaluated  not  only  in  terms  of 
physical  and  visual  interface,  but  also  in  terms  of  reach  and  clearance  envelopes. 
Information  from  gross  body  motion  simulation  (i.e.  movement  of  body  segments^in 
response  to  applied  forces)  3hould  be  used  to  determine  and  r.vise  clearance  envelopes 
which  can  significantly  alter  the  placement  of  crucial  controls  or  cockpit  geometry  in 
general.  This  paper  demonstrates  the  use  of  the  "Bioman"  modeling  system  in  evaluating 
the  physical  compatability  of  crew  members  with  crew  stations  under  emergency  egress 
conditions  and  will  illustrate  the  usefulness  of  this  approach  as  both  a  design  and 
evaluation  criteria.  Validated  results  from  F-18  aircraft  investigations,  based  both 
on  ejection  tower  and  human  physiological  acceptance  tests,  are  presented  to 
demonstrate  the  evaluation  process  of  a  given  crew  station.  Furthermore,  these  results 
are  contrasted  against  those  obtained  from  the  A-4  and  F-14  and  the  relative  propensity 
of  direct  impact  injuries  are  discussed. 

INTRODUCTION 

Evaluation  of  a  crew  station  must  consider  not  only  the  ability  of  a  crew  member 
to  perform  his  tasks  but  also  assure  that  the  crew  station  geometry  does  not  pose  a 
problem  during  emergency  egress.  Injuries  to  aircraft  crews  during  ejection  must  be 
viewed  in  terms  of  limitations  of  the  escape  system  as  distinguished  from  inadequate 
crew  station  geometry.  Injuries  due  to  the  first  classification  are  usually  a  result 
of  high  G  forces  and  inadequate  restraint,  whereas  injuries  due  to  the  latter  can  be 
related  to  direct  impact  between  body  segments  and  the  crew  station  interior. 

Compatability  of  crew  members  with  crew  stations  has  t.raoitionally  been  based  on 
anthropomorphic,  acceleration  response,  and  task  sequence  data.  Drawing  reviews, 
mockups,  flight  simulators,  prototype  flight,  and  track  and  tower  tests  provide  crucial 
data  but  suffer  from  the  limitation  of  not  being  able  to  take  into  account  the  full 
variability  in  crew  anthropometry  and  acceleration  environment  factors. 

Mathematical  modeling  can  be  effectively  used  to  analyze  crew  member-crew  station 
compatability  and  has  become  useful  as  both  a  design  and  evaluation  tool.  Effects  of 
initial  position  and  inertial  conditions  of  the  occupant  and  aircraft  can  be 
extensively  examined  as  they  affect  occupant-crew  station  interaction  as  a  function  of 
crew  member  biodynamic  response  to  acceleration  profiles  experienced  during  emergency 
egress.  Problem  areas  can  be  isolated  and  possible  solutions  effected  before  expensive 
track  and  tower  tests  are  undertaken. 

The  "Bioman"  modeling  system  previously  described  (1)  was  used  to  evaluate  the 
proposed  F-18  crew  station  and  simulation  results  wore  compared  to  those  obtained  from 
track  and  tower  tests  (using  instrumented  dummies)  as  well  as  to  physiological 
acceptance  tests  (conducted  on  the  ejection  tower)  using  human  subjects.  Results  from 
the  mathematical  simulations  indicated  a  possible  foot-instrument  panel  contact  problem 
that  became  obvious  from  the  extensive  dummy  and  human  tests  conducted.  Using  the 
various  parameters  established  during  the  F-18  simulations,  the  A-M  and  F-14  crew 
stations  were  similarly  evaluated.  This  approach  defined  specific  shortcomings  in  the 
F-18  crew  station  geometry  and  a  redesign  is  presently  being  undertaken. 

This  paper  describes  a  test  procedure  consisting  of  track  and  ejection  tower 
tests,  coupled  with  mathematical  simulation,  which  isolated  a  problem  area  relatively 
early  in  the  design  of  an  aircraft  when  changes  to  that  design  are  still  feasible.  The 
model,  used  together  with  supportive  test  data,  proved  to  be  invaluable  as  an 
evaluation  tool  and  is  presently  being  employed  to  evaluate  occupant-crew  station 
compliance  in  the  AV-8B  aircraft. 

METHODOLOGY 

The  Cockpit  Geometry  Evaluation  Computer  Program  System  (CGECPS)  was  used  to  check 
and  transform  digitized  crew  station  data  (2).  All  relevant  crew  station  surfaces, 
expressed  in  the  design  coordinate  system  (using  buttock,  water,  and  station  lines), 
were  transformed  to  a  Euclidean  coordinate  system  (x,y,z)  with  the  origin  at  the  design 
eye  reference  point  (figure  1).  On  the  initial  evaluation  computer  runs,  the 
occupant's  eye  midpoint  (defined  in  the  head  anatomical  coordinate  system)  was  made 
coincident  with  the  design  eye  reference  point  origin.  The  crew  member's  anthropometry 
(95th  percentile  subject  used  in  sled  tests  conducted  at  the  Naval  Aerospace  Medical 
Research  Laboratory  Detachment,  New  Orleans)  and  seating  position  (estimated  from  the 
seat  and  crew  station  geometry)  was  used  to  define  a  theoretical  seat  pan  location 


which  was  then  checked  against  the  existing  allowable  seat  adjustment  range  (3).  If 
within  range,  an  ideal  initial  seating  position  was  defined  (i.e.  crew  member  seated 
at  the  design  eye  reference  point)  and  the  simulation  was  ready  to  proceed.  Exceeding 
the  seat  adjustment  range  defined  a  problem  of  accomodation,  although  this  was  not 
encountered  for  the  crew  stations  analyzed. 

The  formulation  of  the  occupant  model  (figure  2)  has  been  previously  described 
(4).  Briefly,  the  upper  torso  was  modeled  using  three  segments  (thorax,  right  and  left 
shoulder  elements  connected  by  two  sternoclavicular  joints),  whose  masses  and  inertial 
properties  were  estimated  based  on  Dempster's  data,  as  were  the  joint  locations  and 
ranges  (5).  The  definition  of  the  head  anatomical  coordinate  system  and  the  head 
center  cf  gravity  location  were  based  on  Walker's  analysis  (6).  Estimates  of  the  neck- 
torso  and  neck-head  forcing  elements  (spring  and  dashpot  functions)  were  obtained  from 
Becker's  preliminary  analysis  of  the  data  from  subjects  tested  at  the  Naval  Aerospace 
Medical  Research  Laboratory  Detachment  (7).  The  mass  and  mass  moment  of  inertia,  link 
lengths,  C.G.  locations  of  the  limis,  and  the  location  of  the  remaining  joints  were 
estimated  by  scaling  Dempster's  approximations. 

The  model  was  then  exercised  using  the  digitized  F-18  crew  station  data,  the 
occupant  representation  outlined,  and  a  typical  .cceleration  profile  as  monitored  on 
the  ejection  tower  at  the  Naval  Air  Development  Center,  Warminster,  PA.  The  Calspai: 
model  (8)  was  used  to  provide  estimates  of  the  occupant  dynamic  response  to  this 
acceleration  profile.  In  order  to  insure  that  simulation  results  were  stable  and 
convergent,  the  accuracy  of  the  integration  procedures  was  checked  over  several  error 
levels  and  minimum  integration  step  sizes  for  relevant  variables.  If  the  integration 
solutions  are  stable,  then  reducing  the  allowable  error  limits  should  not  alter 

results.  Outputs  for  various  convergence  tests  were  virtually  identical  and  the 

minimum  step  3ize  was  never  reached,  indicating  acceptable  results.  These  preliminary 
investigations  indicated  a  penetration  of  the  feet  into  the  lower  instt ument  panel, 
implying  a  high  probability  of  impact  between  the  feet  and  the  toe  guard  (underside  of 
instrument  panel)  (figure  3). 

Track  tests  conducted  at  the  Naval  Weapons  Center,  China  Lake,  CA.,  did  in  fact 

indicate  a  clearance  problem  (figure  4).  All  eight  tests,  ranging  from  0  to  600  KNOTS 

and  using  3  and  98  percentile  dummies,  resulted  in  impact  between  the  feet  and 
instrument  panel.  Since  only  the  dummy's  chest  was  instrumented  in  these  tests  it  was 
impossible  to  accurately  estimate  the  acceleration  of  the  lower  legs  or  'he  forces 
generated  during  impact.  All  31  ejection  tower  tests  (conducted  at  the  Naval  Air 
Development  Center  using  6  cross  section  percentile  human  subjects),  employing  a 
styrofoam  mock-up  of  the  crew  station,  resulted  in  foot-instrument  panel  contact  of 
varying  severity  (figure  5).  Contact  ranged  from  the  tip  of  the  toe  to  the  tibia 
striking  the  console  in  the  region  of  the  raid-shaft,  with  the  more  severe  impacts 
generally  occurring  with  the  larger  subjects.  Again,  however,  since  the  lower  leg3 
were  not  instrumented  no  estimate  of  the  forces  generated  was  possible. 

To  adequately  define  the  severity  of  the  strikes  in  terms  of  accelerations,  forces 
generated,  and  time  of  occurrence,  fully  instrumented  dummy  tower  tests  were 
undertaken  In  addition  to  the  instrumented  seat,  the  95th  percentile  dummy  employed 
had  a  tri-axial  linear  acceleration  package  installed  in  the  chest  cavity  (figure  6). 
A  rate  gyro  was  rigidly  mounted  on  the  lower  leg  in  the  region  of  the  knee  to  quantify 
the  rate  'f  piich  experienced.  An  additional  tri-axial  acceleration  package  was 
mounted  on  the  lower  leg  in  close  proximity  of  the  ankle  pivot  and  the  kick  plate  (t^e 
guard),  simulating  the  underside  of  the  instrument  panel,  was  instrumented  with  a 
strain  gauge. 

Since  dynamic  response  is  directly  related  to  initial  position  at  time  of 
ejection,  great  care  was  taken  to  assure  repetitive  position  of  the  dummy  relative  to 
the  seat  and  crew  station.  Distances  between  photographic  targets  mounted  on  the  seat, 
dummy,  and  simulated  rudder  pedals  were  checked  before  each  test  and  adjusted  when 
necessary  (figure  7).  Both  the  knees  and  the  ?ukles  were  made  as  loose  as  possible  to 
replicate  a  best  case  situation  ar.J  assure  reproducibility  between  tests.  Clearly,  the 
stiffer  the  joints,  the  more  likely  contact  Will  occur.  In  all  cases  the  seat  was  in 
the  full  down  position  and  the  angular  orientation  of  the  legs  and  feet,  relative  to 
the  seat  and  crew  station,  were  determined  from  the  markers  on  the  dummy.  Link  lengths 
and  weights  were  established  for  the  other  relevant  segments  and  used  as  input  to  the 
program,  as  were  the  existing  initial  segment  angular  orientations.  Three  tests  were 
conducted  without  the  toe  guard  installed  but  with  the  same  dummy  initial  positions. 
This  provided  a  direct  comparison  between  the  cases  with  and  without  contact.  As  had 
been  the  case  previously.-  all  17  dummy  tests  conducted  resulted  in  impact  between  the 
feet  and  toe  guard. 

RESULTS 

In  conducting  the  simulations  and  .nalyzing  test  results  several  changes  to  the 
orginai  modeling  effort  were  undertaken  t.o  make  results  directly  comparable  to  work 
conducted  by  McDonnell-Douglas  Aircraft  Cor  .  (9).  In  adoition  to  the  Bioman  graphics 

,ackage,  the  elliptical  representation  (used  by  Calcpan)  of  the  occupant  was  employed. 
Furthermore,  the  crew  station  surfaces  as  digitized  by  McDonnell-Douglas,  were 

tilized  in  the  analysis  so  that  the  coordinate  systems  employed  and  crew  station 
surfa  es  monitored  would  be  directly  comparable.  These  crew  station  surfaces  wore 
checked  against  the  original  data  set  used  (figure  3)  ard  we”e  found  to  be  virtually 
identical  (although  fewer  surfaces  were  considered  in  this  latter  effort),  A  sample  (7 
cases)  of  the  seat  acceleration  profiles  Is  shown  in  figure  8,  illustrating  that  the 
driving  function  of  the  seat-man  system  remained  relatively  unchanged  from  test,  to 
test.  Similarly,  accelerations  monitored  in  the  chest  showed  a  high  degree  of 
reproducibility  and  there  seemed  to  be  no  significant  differences  between  t.he  cases 
wtKre  impact  occured  vs  those  where  there  was  no  leg  obstruction  (figure  9).  The  lower 


24-3 


leg  data  however,  clearly  demonstrates  the  effect  of  the  strike.  The  linear 
accelerations  at  the  ankl'*  (figure  10)  showed  significant  differences  between  strike  vs 
no  strike  situations,  as  did  the  angular  velocities  (figure  11).  The  loads  monitored 
at  the  kick  plate,  as  a  result  of  the  impact,  were  on  the  order  of  200  Lbs  and  proved 
to  be  reproducible  from  test  to  test  both  in  magnitude  and  time  of  occurrence. 

Simulation  results  were  in  good  agreement  with  test  data.  Monitored  vs  predicted 
values  for  the  chest  acceleration  of  a  typical  test  are  shown  in  figure  12.  Comparable 
results  were  obtained  for  the  other  segments  monitored.  Occupant  position  at  time  of 
initiation  of  ejection  and  at  the  time  when  impact  occurs  is  shown  in  figure  13.  The 
effect  of  the  strike  (in  simulation  results)  was  clearly  seen  in  segments  not  directly 
involved  in  the  contact.  Figure  14  demonstrates  the  effect  on  the  thigh  angular 
displacement.  This  demonstrable  effect,  however,  cannot  be  quantified  in  terms  of 
injury  potential.  Additionally,  secondary  effects  on  total  human  body  dynamics  cannot 
be  predicted  reliably  since  relatively  small  changes  in  force  deformation  properties  of 
the  toe  guard,  boot,  or  ankle  characteristics  have  a  profound  effect  on  the  time 
history  of  the  lower  leg  and  foot  during  and  after  impact  occurs.  Since  the  force 
deformation  characteristics  employed  were  estimates  based  on  static  tests  and  since  the 
human  ankle  joint  characteristics  are  not  known  with  certainty,  the  range  of  possible 
resulting  data  was  broad  enough  to  cause  concern  from  a  safety  point  of  view. 
Consequently,  the  position  taken  was  that  the  central  problem  of  human  injury 
prevention  is  the  elimination  of  contact  and  direct  inpact  was  viewed  as  a  catastrophe 
to  be  avoided  at  all  cost. 

Using  the  same  dummy  characteristics  as  were  employed  in  the  F-18  simulations,  the 
model  was  also  exercised  using  digitized  A-4  and  F-14  crew  station  data.  The  initial 
positions  of  the  dummy  were  modified  to  reflect  the  seat  and  crew  station  geometry 
existing  in  the  respective  aircraft,  as  were  the  ejection  angles  employed.  The 
acceleration  time  histories  used  were  those  of  the  F-18  tower  tests  conducted.  The 
relative  dimensions  of  the  respective  crew  stations  are  shown  in  figures  15  and  16.  It 
will  e<?  noted  that  using  the  lower  seat  reference  points  as  the  origin,  the  F-18  crew 
station  is  smaller  than  the  other  two  analyzed.  Results  from  the  simulation  of  A-4  and 
F-14  ejections  ar»  shown  in  figures  17  and  18  respectively.  Both  eases  resulted  in  no 
strikes,  although  in  the  case  of  the  A-4  the  clearance  provided  is  marginal.  Slight 
changes  in  initial  occupant  position  or  acceleration  of  the  man-seat  system  could 
result  in  contact  between  the  feet  and  the  instrument  panel. 

DISCUSSION 

The  data  presented  clearly  indicates  that  toe/foot  strikes  appear  to  be  a  very 
high  probability  event  regardless  of  aviator  size  or  seat  adjustment.  Antnropometric 
limitations  therefore  will  not  solve  the  problem.  Furthermore,  tibia  strikes  are 
possible  and  An  larger  aviators  more  probable.  Despite  no  simulated  strikes  in  the 
cases  of  the  A-4  and  F-14  aircraft,  there  have  been  strikes  in  operational  use.  This 
is  primarily  due  to  the  fact  that  during  operational  ejection  the  aircraft  need  not  be 
in  a  stable  situation  but  might  havs  large  angular  and  linear  acceleration  components. 
Furthermore,  the  idealized  occupant  restraint  considered  in  the  simulations  probably 
does  not  exist  in  the  operational  environment.  Consequently,  the  results  indicate  that 
the  F-18  simulation  is  underpredictive. 

From  the  tower  tests  conducted,  additional  areas  of  concern  were  isolated.  With 
the  large  subjects,  seat  fully  down,  and  with  maximum  forward  throw  adjustment  in  the 
rudder  pcdal3,  the  thigh  is  raised  above  the  thigh  support.  At  the  time  of  ejection, 
therefore,  there  can  be  thigh  slap  on  the  seat  bucket  which  might  cause  femur  injury. 
In  the  simulations,  the  thigh  was  supported  at  all  times  and  the  differences  between 
hit  and  no  hit  situations  shown  in  figure  14  are  due  to  the  changed  force  deformation 
properties  at  the  thigh-  seat  bucket  interface.  If  the  seat  is  raised  so  that  the 
thighs  come  in  contact  with  the  thigh  support,  the  helmeted  head  (for  a  large  occupant) 
may  be  raised  so  high  that  T.he  aviator  might  have  to  compromise  his  seating  position  to 
stay  within  the  cockpit,  thus  pre-loading  the  vertebrae  and  increasing  the  probability 
of  vertebral  fracture  on  ejection. 

A3  a  result  of  the  data  presented,  the  problems  isolated  were  deemed  significant 
enough  to  convene  a  medical  panel  to  analyze  the  data  in  terms  of  injury  potential. 
This  medical  panel,  consisting  of  representatives  from  the  Naval  Aerospace  Ledical 
Research  Laboratory  Detachment,  Naval  Air  Systems  Command,  Nava)  Materiel  Command,  and 
Naval  Air  Development  Center,  considered  the  problem  severe  enough  to  make  the  present 
crew  station  configuration  unacceptable. 

Althojgh  a  basic  redesign  of  the  crew  station  might  have  to  be  undertaken,  some 
possible  engineering  concepts  involving  only  the  toe  board  and  rudder  pedals  were 
analyzed.  A  "Dynamic  Kick  Plate",  deployed  from  under  the  instrument  panel  was 
installed  and  tested  on  the  ejection  tower.  The  rather  crude  mock-up  of  this  concept 
consisted  of  an  aluminum  plate  hinged  to  the  underside  of  the  instrument  panel  (figure 
19)  and  coming  in  contact  with  the  toe  during  ejection  initiation.  Theoretically  the 
manner  of  deployment  should  be  such  as  to  maintain  constant,  contact  between  the  kick 
plate  and  the  foot  throughout  the  entire  time  period  while  the  foot  is  under  the 
instrument  panel.  The  mock-up  deployment  was  simplified  through  the  use  of  a  counter 
weighted  aluminum  rod.  A3  the  foot  moved  away  from  the  rudder  pedal,  the  kick  plate 
pivoted  downward  with  the  rod  being  forced  into  the  wedge  created  by  the  toe  guard  and 
kick  plate.  This  arrangement  imparted  a  slight  angular  accelei ation  component  to  the 
lower  leg  and  foot  but  did  guide  the  toes  past  the  point  of  impact. 

Film  analysis  indicated,  however,  that  contact  between  the  toes  and  the  kick  plate 
was  not  maintained  throughout,  the  entire  course  of  the  run.  Since  the  displacement  of 
the  legs  exceeded  the  plate  deployment  rate,  which  was  a  function  of  gravity  (the  rate 
at  which  the  bar  increases  the  toe  guard-kick  plate  angle  was  determined  by  a  weight 
pulling  the  -od  into  the  wedge),  motion  of  the  kick  plate  tended  to  lag  behind  hat  of 


the  foot.  Spring,  hydraulic  or  ballistic  deployment  would  obviously  improve  results 
but  since  this  was  considered  a  feasibility  test,  the  aforementioned  improvements  were 
not  undertaken.  Nevertheless,  results  from  this  pilot  study  proved  to  be  extremely 
encouraging.  Figure  20  shows  the  data  obtained  from  the  three  tests  conducted.  The 
solid  lines  indicate  the  contact  forces  monitored  on  the  right  fort  with  tne  kick  plate 
installed,  while  the  dashed  lines  demonstrate  the  data  from  the  left  foot  where  impact 
was  allowed  (no  dynamic  kick  plate).  Since  the  kick  plate  was  initially  preloaded,  the 
forces  in  the  early  stages  go  negative  because  the  instrumentation  was  zeroed  out  at 
the  time  of  initiation  (i.e.  since  the  toe  exerts  a  slight  force  on  the  kick  plate, 
the  fulcrum  created  by  the  rod  produces  a  negative  component  at  the  strain  gauges). 
Since  the  foot  was  not  maintained  in  constant  contact  with  the  kick  plate  some  spikes 
in  the  data  are  evident  (solid  lines)  but  their  magnitude  (approx.  50  Lbs)  are  clearly 
much  lower  than  those  monitored  on  the  unprotected  leg  (approx.  200  Lbs).  It  must  be 
remembered  that  these  feasibility  tests  addressed  only  the  foot  impact  problem  and 
leave  the  accomodation  questions  p*eviously  discussed  unresolved. 
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Fig.  14  Thigh  angular  displacement  (pitch) 


Fig.  15  A-4  vs  T-18  relative  crew  station  dimensions 


LORD  < POUNDS  > 


F“?a  B 1  OOYr'RH  I  C  HQ&EL  VRL10RTIN5  TEST 
KICK  PLRTE  C R I BHT> 

TESTS  WITH  RIEI  t>  KICK  PLRTE. . . . CDH5HE& 


Fig. 20  Monitored  kick  plate  forces  during  ejection 
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The  very  nature  of  naval  aviation  requires  tbit  the  majority 
of  operation  flights  be  conducted  overwater.  The  missions 
vary  from  operations  in  the  immediate  vicinity  of  aircraft 
carriers  and  shore  bases  to  single  aircraft  flights  hundreds 
of  miles  from  the  nearest  land.  Each  situation  presents 
unique  problems  in  terms  of  required  survival  equipment  and 
length  of  time  to  rescue.  Major  revisions  to  the  Naval  Avia¬ 
tion  Water  Survival  Program  are  presently  underway..  The 
Training  curricula  are  being  standarized  and  water  survival 
instructors  will  be  extensively  trained  to  conduct  the  train¬ 
ing..  Aviation  Life  Support  Systems  are  being  modified  to  pro¬ 
vide  automatic  life  preserver  inflation  and  oarachute  divest¬ 
ment.  New  water  training  devices  are  being  procured  and  train¬ 
ing  will  be  conducted  in  the  devices  with  the  same  configuration 
of  life  support  equipment  that  the  air crewmembers  fly  with. 

Because  of  th*_  equipment,  unique  operational  requirements  and  differences  in  life 
support,  three  aircraft  classifications  will  be  presented-  Tactical  Jet,  Patrol /Transport 
and  Helicopter.: 

(1)  TACTICAL  JET:  Slide  (1)  depicts  a  typically  configured  jet  aircrewmen.  In 
addition  to  the  usual  protective  flight  clothing,  each  individual  is  equipped  v.ith  an 
inflatable  life  preserver  and  a  one  man  inflatable  raft  contained  in  the  rigid  seat  kit. 

The  seat  kit  also  contains  an  emergency  supply  of  oxygen.  The  oxygen  systems  for  tactical 
jet  aircraft  are  water  tight  and  are  required  to  function  properly  at  a  depth  of  16  ft.  for 
a  minimum  of  three  minutes.  During. the  ejection  sequence  the  aircraft  oxygen  supply  hose 
is  separated  and  the  emergency  oxygen  supply  is  activated.  In  this  aircraft  community  the 
oxygen  mask  must  be  worn  continuously  from  take  off  to  landing.  In  the  U.S.  Navy  there 
have  been  over  40  reported  cases  of  underwater  breathing  with  this  system. 

The  amount  of  man-mounted  survival  equipment  has  been  reduced  in  the  past  few  years  by 
removal  of  the  survival  vest.  The  current  survival  equipment  philosophy  is  to  provide  life 
support  equipment  to  sustain  the  survivor  for  24  hours.  With  the  removal  of  the  survival 
vest,  pockets  were  sewn  directly  to  the  integrated  restraint  and  parachute  harness,  as  can 
be  seen  in  Slide  (3).  This  minimal  amount  of  equipment  is  obviously  nou  sufficient  for 
long  term  survival.  Naval  Safety  Center  records  reveal  that  917*  of  the  aircrewmembers  re¬ 
covered  are  rescued  in  one  hour  or  less.  This  reduction  in  man-mounted  equipment  allows 
more  freedom  of  movement  and  less  encumbrance  in  the  cockpit  as  a  trade-off  to  less  equip¬ 
ment  available  to  the  survivor.  The  survival  vest  contains  slightly  more  survival  equip¬ 
ment  and  can  be  worn  at  the  individual  crewmembers  discretion.  The  seat  survival  kit  con¬ 
tains  and  emergency  radio  beacon,  a  small  survival  kit.  3iznal  flares,  mirror  and  sea  dye 
marker . 

Ejection  from  a  jet  aircraft  can  injure  the  aircrewmembor  and  prohibit  use  of  any  of 
the  survival  equipment.-  The  majority  of  ejections  occur  at  such  low  altitude  that  no  time 
is  available  to  prepare  for  water  entry.  The  classical  example  of  this  is  an  unsuccessful 
catapult  launch  from  or  recovery  on  an  aircraft  carrier.-  In  this  instance  the  ejectee  has 
only  seconds  after  the  decision  to  eject  until  he  is  in  the  water.  The  heavy  bulky  con¬ 
figuration  of  life  support  equipment  also  hampers  survival  efforts..  The  Naval  Weapons 
Station,  Yorktown,  Va.  published  a  report  in  December  1978  that  described  the  effect  of 
immersed  life  support  equipment.  According  to  that  report  the  life  support  equipment  of  a 
fully  configured  jet  crewmember  with  the  rigid  seat  survival  kit  unopened  and  still  at¬ 
tached  to  the  man  exerts  a  negative  buoyant  of  14  2  pounds  on  the  man.  This  additional 
weight  combined  with  the  bulk  of  the  equipment  and  the  rigid  seat  survival  kit  makes  swimm¬ 
ing  almost  impossible.  The  survival  problems  encountered  after  water  entry  are  shown  in 
Slide  (5) . 

As  can  be  seen  in  this  slide,  from  the  period  1971  to  1977  56  of  213  individuals  ex¬ 

perienced  parachute  entanglement.  Ten  of  these  individuals  were  not  only  entangled  but 
were  pulled  down,  to  varying  degrees,  by  the  parachute..  Of  all  the  survival  equipment 
carried  the  shroud  line  cutter  has  been  the  niece  of  equipment  most  often  used  in  the  past 
few  years.;  The  navy  has  recently  contracted  for  several  parachute  disentanglement  trainers. 
With  this  device  the  trainee  is  pulled  from  a  simulated  cockpit  and  swung  over  the  water. 
There  are  two  modes  of  operation  for  the  device  .  In  the  low  altitude  mode  the  student  is 
allowed  to  drop  part  way  to  the  water  stopped  abruptly  to  simulate  a  3-6G  parachute  open¬ 
ing  shock,  and  allowed  to  drop  in  the  water  with  no  time  to  prepare  for  entry.  In  the  high 
altitude  mode  the  student  is  allowed  time  to  inflate  the  life  preserver  and  perform  other 
pre-landing  maneuvers.  The  parachute  caropv  is  approximately  14  ft.  in  diameter.  After  it 
has  collapsed  over  the  student  he  must  then  free  himself  from  the  parachute  and  shroud 
lines,  swim  free  of  the  parachute  and  prepare  for  rescue.  The  first  of  these  trainers  will 
be  delivered  to  Pensacola,  Florida  with  additional  devices  being  procured  for  other  water 
training  sites.  An  automatic  parachute  divestment  systems  is  currently  being  developed. 
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This  system  is  integrated  directly  into  the  parachute  attachment  hardware  (Koch  Fitting) 
and  requires  total  immersion  into  salt  water  to  actuate.  This  system  is  expected  to  be 
operational  in  1980. 

With  the  life  preserver  fully  inflated,  retention  of  all  the  survival  equipment  and  even 
and  some  minor  parachute  entanglement  poses  no  serious  threac  to  drowning  because  the  head 
is  supported  well  above  water  level.  However,  in  mary  cases  there  is  not  sufficient  time  to 
inflate  the  life  preserver  prior  to  water  entry..  The  crewmember  must  then  remain  afloat, 
divest  the  parachute.,  and  inflate  the  life  preserver  while  wearing  wet  gloves.  The  present 
trend  in  water  survival  training  is  to  conduct  drills  in  the  water  with  the  same  configura¬ 
tion  of  life  support  equipment  that  is  utilized  in  the  aircraft.  Experience  to  date  has  re¬ 
vealed  that  a  fully  equipped  tactical  jet  crewmember  with  the  life  preserver  uninflated  can 
remain  afloat  for  less  than  two  minutes  after  water  entry,  Failure  to  actuate  both  sides  of 
the  life  preserver  has  resulted  in  several  drownings.;  Typically  the  individual  will  inflate 
the  side  of  the  dominant  hand  and  not  be  able  to  locate  or  actuate  the  other .  The  effect  of 

one  half  inflation  is  graphically  depicted  in  the  next  two  slides,  As  can  be  seen  in  Slide 

(12),  during  the  time  period  1973  to  November  1977  a  total  of  188  individuals  obtained  full 

inflation  of  the  life  preserver  in  the  water  and  even  with  retention  of  the  survival  kit 

and/or  parachute  only  one  fatality  occurred.  With  only  one  half  inflation  there  were  11 
drownings  of  40  ejectees  reported  in  the  same  time  period.  One  half  inflation  provides 
approximately  30-35  pounds  of  positive  buoyancy.-  Since  the  survival  equipment  with  the  seat 
pan  attached  and  unopened  creates  14.2  pounds  of  negative  buoyancy  it  causes  the  individual 
to  float  at  slightly  below  chin  level  in  still  waters  with  one  half  inflation..  The  neck  is 
not  supported  and  with  any  wave  action  water  will  break  over  the  head  causing  the  survivor 
to  swallow  and  aspirate  water,  further  degrading  his  physical  condition. 

Two  life  preserver  modifications  are  curren' Ay  in  progress  to  aid  with  inflation.  One 
is  the  replacement  of  the  pull  toggles  for  the  preserver.  The  present  toggles  are  small 
rounded  plastic  pieces  that  are  stitched  closely  to  the  casing  of  the  life  preserver.  The 
replacement  actuation  mechanisms  will  be  beaded  handles  attached  to  the  ends  of  the  life 
preserver  casing.  This  configuration  is  very  similar  to  one  used  for  several  years  in  the 
united  kingdom.  An  automatic  inflation  device  is  also  being  procured.  This  device  actuates 
when  totally  immersed  in  water,  fresh  or  salt,  within  three  seconds.  The  automatic  inflator 
will  be  utilized  only  in  tactical  jet  aircraft  since  escape  from  a  ditched  aircraft  would 
be  seriously  affected  with  the  life  preserver  inflated.  These  devices  are  expected  to  be 
operational  in  late  1979  or  early  1980. 

(2)  PATROL/TRANSPORT  :■  The  floatation  garment  used  in  this  community  is  the  same 
one  utilized  in  tactical  jets  with  a  different  attachment  scheme  to  the  body.  The  survival 
vest  is  also  utilized  by  the  patrol  aircraft  crewmembers.  Since  the  Scat  survival  kit  is 
not  utilized  in  these  communities,  the  survival  equipment  and  single  man  raft  are  not  avail¬ 
able.  Multi-man  raft  are  utilized  in  patrol  aircraft  and  are  stowed  inside  the  aircraft. 
These  rafts  must  be  pushed  or  carried  out  of  the  aircraft  after  ditching.  Transport  air- 
crewmembers  do  not  routinely  wear  life  preservers,  but  stow  then  aboard  the  aircraft.  Some 
of  the  transport  aircraft  have  externally  mounted  multi-man  rafts  that  are  expelled  after 
water  impact.  Duration  of  survival  is  the  most  important  consideration  for  this  community 

(3)  HELICOPTERS :  Helicopters  are  not  equipped  with  parachutes  and  the  aircrewmen 
must  rely  on  water  landings  for  escape  A  few  helicopters  are  equipped  with  Fuselage  floata¬ 
tion  bags,  but  most  are  not.  Because  of  the  weight  distribution  in  helicopters  the  center 

of  gravity  is  high  on  the  aircraft  and  after  impact  they  tend  to  roll  inverted  and  sink 
rapidly.  Approximately  one  half  of  all  helicopter  water  accident  survivors  reported  that 
they  were  forced  to  escape  from  submerged  or  partially  submerged  aircraft.  There  have  beer 
306  fatalities  in  Navy  and  Marine  Corps  helicopters  from  1969  to  November  1977.  A  total  of 
29  individuals  were  known  to  have  been  drowned  and  an  additional  58  were  lost  at  sea.  Many 
of  those  lost  at  sea  were  probablv  drowned,  but  could  not  be  verified.  The  most  prevelant 
causes  of  difficulty  reported  in  escape  from  helicopters  are-  In-rushing  water,  confusion/ 
panic/disorientation,  hampered  by  equipment,;  difficulty  reaching  the  hatches  and  darkness. 

Training  in  underwater  egress  has  proven  to  be  a  definite  factor  in  helicopter  surviva¬ 
bility  for  both  aircrewmembers  and  passengers.  Between  January  1969  and  February  1975  a 
total  of  424  individuals  were  placed  in  a  situation  of  escaping  from  an  aircraft  in  the 
water.  Of  those  who  had  been  trained  in  underwater  egress,  92 %  of  them  survived,  while  only 
797,  of  the  untrained  individuals  survived.  Underwater  egress  has  been  taught  for  several 
years  in  the  "dilber  dunker"  device.  This  device  does  not  simulate  a  helicopter  in  configu¬ 
ration  or  sinking  characteristics,  but  does  instill  confidence  in  one's  ability  to  egress 
underwater.  The  device  simply  slides  down  the  tracks,  impacts  the  water  and  inverts  The 
training  of  helicopter  crews  in  underwater  egress  is  being  improved  by  the  development  of  a 
helicopter  ditching  trainer.  This  device  is  configured  much  the  same  as  a  helicopter  in¬ 
terior.  Panels  can  be  moved  and  escape  hatches  changed  to  simulate  specific  aircraft  con- 
pigurations . 

This  device  can  accommodate  up  to  6  trainees  with  each  cycle.  The  students  enter  the 
device  from  the  platform  above  the  pool  and  attach  themselves  to  the  seat  with  the  appropri¬ 
ate  lap  belt/shoulder  harness.  The  device  is  then  lowered  into  the  water  at  a  rate  of  up  to 
10  FPS.  After  water  impact  the  trainer  floods  and  sinks  at  a  rate  of  up  to  1  FPS,  The 
device  can  be  rolled  in  either  direction  up  to  180  degrees.  The  students  ati  instructed  to 

remain  seated  until  the  device  stops  and  then  to  disconnect  from  the  seat  and  move  to  an 

exit  port  and  swim  free  of  the  trainer.  This  trainer  requires  a  dedicated  training  pool 

24  ft.  by  34  ft.  by  15  ft.  in  depth.  The  only  operational  device  is  presently  located  in 
Pensacola,  Florida  and  r~  additional  four  or  five  devices  will  be  placed  at  other  Na^  and 
Marine  Corps  activity.  .’our  training  cycles  are  performed  with  each  student,  two  with 
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unobstructed  vision  and  two  while  wearing  darkly  colored  gogg’es  to  simulate  night  escape. 

In  February  1979  the  Chief  of  Naval  Operations  approved  an  operational  requirement  to 
improve  helicopter  aircrew  survivability.  The  major  elements  of  that  program  are:  crash 
impact  energy  attenuation,  fuel  fire  suppression,  fuselage  floatation/sink  rate  retarda¬ 
tion,  emergency  egress  and  improved  life  support  equipnent .  If  a  floatation  or  sink  re¬ 
tardation  system  can  be  placed  on  all  helicopters  the  requirement  for  emergency  underwater 
egress  would  be  minimized.  Onp  new  navy  helicopter  is  being  procured  with  floatation  de¬ 
vices  and  many  in-service  aircraft  can  be  retrofitted,  but  some  helicopters  in  inventory 
cannot  accept  the  weight  penalty... 

The  Naval  Aviation  School  Command  at  Pensacola,  Florida  has  been  designated  as  the  Avia¬ 
tion  Training  Model  Manager  for  water  survival  training.  In  this  capacity  that  command  is 
developing  standardized  training  curricula.  Mater  survival  instructors  will  be  sent  to 
Pensacola  for  a  period  of  approximately  four  weeks  of  training  in  order  to  provide  qualified 
swimmers/ instructors  and  standardised  training.  Almost  all  initial  aircrewmember  water 
training  will  be  conducted  at  Pensacola.  The  training  will  include  basic  swim  skills, 
device  utilization  and  open  water  training  in  the  Bay.  Refresher  training  is  required  every 
three  years  in  the  swimming  pools  and  everv  five  years  in  open  water.  Efforts  are  presently 
underway  to  initiate  overwater  parasail  training  as  part  of  the  five  year  open  water  sylla¬ 
bus  . 


For  global  operations  aircrewmembers  must  be  prepared  for  all  weather  and  water  condi¬ 
tions.  In  late  1978  a  na/y  operational  requirement  for  anti-exposure  protection  was  ap¬ 
proved.  The  criteria  established  for  immersion  hypothermia  protection  are:,  the  crewmember 
must  be  able  to  accomplish  the  mission,  protection  in  45°F  water  for  two  hours  with  body 
core  temperature  of  not  less  than  95°F,  the  system  must  be  able  to  be  graduated  to  afford 
protection  in  32°F  water  for  two  hours  with  a  core  temperature  of  not  less  than  95°F.  As  an 
interim  measure  the  navy  has  selected  the  British  Ventile  suit  as  the  primary  anti-exposure 
garment,  and  a  divers  wet  suit  as  an  alternative. 
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HIGH  SPEED  LOW  LEVEL  FLIGHT  SURVIVAL  ON  EJECTION 


SQUADRON  LEADER  M.A.A.  HOBBS  (RETD.) 
TECHNICAL  AND  GENERAL  SALES  MANAGER 
MARTIN -BAKER  AIRCRAFT  COMPANY  LIMITED 
HIGHER  DENHAM,  NEAR  UXBRIDGE,  MIDDLESEX, 
UB9  5AJ,  U.K. 


The  aim  of  this  paper  in  the  short  time  available  is  to  show  the  history  of  past  work  conducted 
by  our  Company  in  association  with  other  Research  Establishments  on  High  Speed  Low  Level  Ejection. 

The  paper  itself  will  be  split  into  three  phases,  Past  Experience,  Current  Day  Practice  and  finally 
A  Look  Into  the  Future. 


As  aeroplanes  get  faster  and  faster  one  hears  glib  talk  of  tree  top  level  flight  at  speeds  of 
800  knots  and  above  using  terrain  following  radar.  When  one  considers  that  the  dynamic  pressure 

exerted  on  the  human  body  at  speeds  of  600  knots  are  in  the  region  of  1,280  lbs.  per  square  foot  it  is 

easy  to  realize  that  the  man  leaving  the  aircraft  can  be  critically  injured  by  the  dynamic  forces  applied 

to  him  and  also  inevitably  is  liable  to  be  deeply  shocked  by  the  experience. 

In  1962  the  TSR2( Tactical  Reconnaissance  Aircraft)  was  designed  to  travel  at  speeds  of  up  to 
800  knots  at  tree  top  level.  At  that  time  Martin-Baker  recognized  that  a  completely  new  escape  system 
was  required  to  meet  the  problems  associated  with  this  type  of  flight..  Bearing  in  mind  that  the  average 
pilot  would  spend  all  his  life  sitting  in  the  seat  and  never  using  it  as  an  actual  escape  vehicle  then 
the  primary  consideration  was  excellent  restraint  for  the  body  so  that  the  pilot  would  be  secured  firmly 
into  his  seat  thus  reducing  fatigue  caused  by  constant  turbulence.  In  order  to  achieve  this  object  a 
ratchet  system  was  used  where  the  crewmember  could  tighten  his  harness  by  means  of  a  ratchet  which  meant 
that  he  was  snugged  back  into  the  seat.  The  seat  also  produced  amongst  other  notable  firsts  :  Head 
Restraint,  Arm  Restraint  and  of  course  Martin-Baker's  Leg  Restraint  System.  It  was  quite  an  achievement 

that  Sir  James  Martin  should  have  recognised  in  these  early  days  the  requirement  for  such  excellent 

restraint  systems  to  allow  the  ejcctee  to  survive  under  highspeed  bale  out.  The  evidence,  which  I  shall 
present  later,  will  be  based  on  experience  in  both  the  American  Vietnamese  situation  and  the  Yom  Kippur 
War.  A  slide  of  the  seat  is  shown  here  and  as  can  be  seen  a  special  helmet,  which  included  head  restraint, 
was  under  development  for  the  programme. 

The  TSR2  was  unfortunately  cancelled  during  one  of  our  Government's  many  'save  money  by  cutting 
defence'  campaigns.  Thus  the  actual  ejection  seat  never  came  into  service,  however,  one  point  that 
should  be  made  here  is  that  that  particular  seat  weighed  very  nearly  300  lbs. 

During  the  1960's  further  developments  took  place,  however,  nothing  as  sophisticated  as  the  TSh2 
seat  was  introduced  to  Service,  Leg  Restraint  Systems  were  improved  however  it  was  imposslole  to  get 
anyboiy  to  show  interest  in  Arm  Restraint. 

During  the  late  1960's  and  early  1970's  considerable  operational  use  was  made  of  our  ejection  seats 
ir.  action  during  the  Vietnamese  situation  and  Yom  Kippur  war.  Both  these  conflicts  provided  us  with 
valuable  data  regarding  tue  changes  likely  to  take  place  under  operational  ejections  as  opposed  to  normal 
peace  time  ejections.  As  may  well  be  expected  the  speeds  at  which  ejections  took  place  increased.  I 
believe  that  the  main  reason  for  this  was  the  fact  that  aircraft  were  flying  lower  and  faster  than  ever 
before  and  at  the  same  time  having  little  warning  before  they  were  hit  by  surface  to  air  missiles.  The 
slides  that  I  show  here  firstly  show  the  combat  versus  operational  ejection  altitudes  and  also  combat 
versus  operational  ejection  speeds.  It  is  notable  that  the  operational  nor  combat  speeds  show  their 
largest  percentage  well  below  250  knots  witn  a  diminishing  number  of  ejections  up  to  500  knots.  In 
contrast  recovered  combat  data  and  data  obtained  from  prisoners  of  war  in  the  Vietnamese  situation  show 
that  the  speed  curve  rises  sharply.  As  we  would  expect  as  the  speed  rises  so  does  the  in ’uiy  rate  and 
I  show  here  or.  the  next  slide  evidence  taken  from  the  Vietnamese  situation  showing  the  percentage  of 
survivors  sustaining  a  major  injury.  As  you  notice  the  major  problem  is  one  cf  limb  flail  and  so  on 
this  next  slide  I  show  the  incidences  of  major  flail  injury  versus  ejection  speed  and  again  as  can  be 
seen  the  percentage  of  flail  injury  rises  sharply  as  the  speed  rises  This  is  hardly  surprising  as 
when  one  looks  at  the  dynamic  air  pressure  versus  air  speed  which  I  discussed  earlier  in  the  paper  and 
we  see  that  the  dynamic  air  pressure  rises  sharply  as  the  speed  rises  and  indeed  it  varies  approximately 
with  the  square  of  the  indicated  air  speed. 

The  other  major  problem  of  course  is  one  of  lack  cf  time.  As  aircraft  fly  faster  and  faster  and 
lower  and  lower  using  terrain  following  systems  the  vexeo  problem  of  altitude  gets  worse  and  worse. 

My  next  slide  shows  the  summary  of  the  ejections  of  those  using  Martin-Baker  seats  d:  ring  1977 
and  the  major  causes  for  fatality.  As  you  can  see  the  lack  of  time  and  altitude  is  the  major  cause  of 
fatalities,  other  areas  obviously  require  investigation  and  we  have  done  so  in  some  depth  especially  to 
try  and  avoid  ejecting  aircrew  suffering  the  unnecessary  fate  of  drowning..  In  this  particular  year  of 
1977  my  next  slide  addresses  the  question  of  altitude.  As  you  can  see  more  them  43$  of  all  ejections 
where  the  nelght  was  reported,  started  below  500  ft.  and  the  table  shows  the  altitude  bands  into  which 
they  fell.  It  is  also  notable  that  in  the  Yom  Kippur  War  26$  of  ejections  were  made  at  speeds  of  400 
knots  or  greater.  This  is  higher  than  the  average  and  at  these  speeds  limb  flailing  is  liable  to  occur. 

4$  of  all  ejections  were  made  at  a  speed  of  600  knots  or  more.  The  major  injury  which  occurred  during 
the  Yom  Kippur  War  was  again  mainly  associated  wltn  flail.  So  now  coming  back  to  the  subject  that  I 
was  first  addressing  :  where  does  this  lead  us  with  regard  to  high  speed  low  level  flight?  It  shows 
us  that  the  major  improvement  that  we  can  make  in  ejection  systems  is  to  ensure  that  the  man  is  properly 
restrained  and  also  given  the  best  chance  of  survival  by  making  the  system  work  as  rapidly  as  possible 
without  causing  injury  and  thus  impairing  his  chance  of  ultimate  survival. 


i .  1.  J->-  M  ill*- !^ !  B»'  1IJUU).^JJ^UJJ  <\t!M*lU?UK 

26-2 


Early  trial  work  with  the  MRCA  Tornado  produced  some  fairly  spectacular  results  as  this  short 
snip  of  cine  fi l.n  that  1  show  here  indicates.  The  shot  you  see  is  taken  from  the  pod  camera  of  the 
MRCA  Tornado  sled  and  shows  f l >~3t  of  all  the  canopy  being  Jettisoned  followed  by  the  sequenced  ejection 
of  two  seats.  The  sears  taemselves  functioned  correctly,  however,  you  will  note  that  the  aircrew 
equipment  assemblies  virtually  disintegrate  as  they  meet  the  w'.ndblast  at  a  speed  of  625  knots.  This 
leads  me  to  my  next  major  point  which  is  that  the  total  aircrew  protective  system  must  be  Integrated 
and  tested  fully  to  ensure  its  integrity  under  high  windblast  situations  we  must  ensure  that  the  helmet, 
lifepreserver ,  arm  restraint  and  leg  restraint  are  capable  of  accepting  ejections  at  speeds  of  up  tc 
650  to  700  knots.  in  my  opinion  the  only  method  of  satisfactorily  testing  these  pieces  of  equipment  is 
to  put  them  on  the  dummies  during  the  ejection  test  shots.  Valuable  information  can  be  obtained  from 
wind  tunnels  but  it  is  usually  unidirectional  and  does  not  allow  for  yaw  in  the  seat  or  indeed  any  othe” 
changes  in  geometry. 

Now  let  us  consider  those  areas  that  will  be  most  beneficial  in  saving  the  life  of  a  man  who 
ejects  at  high  speed  and  low  altitude.  We  must  assume  that  the  man  who  ejects  at  any  speed  above  4pO 
knots  is  going  to  be  winded  and  suffering  from  shock  to  a  greater  or  lesser  degree.-  We  therefore  need 
to  make  his  survival  as  automated  as  possible.  To  this  end  our  current  state  of  the  art  provides  an 
ejection  seat  c«  which  the  last  physical  act  that  the  man  needs  to  make  is  to  pull  the  handle  to  set  the 
sequence  system,  canopy  Jettison  and  subsequent  ejection  of  the  seats  in  motion.  As  he  exits  the 

aircraft  he  is  protected  from  limb  flail  and  arm  flail  and  we  have  ensured  that  his  nelmet  will  stay  on 
his  head  having  been  tested  at  extremely  high  speeds,  up  to  700  knots,  in  a  wind  tunnel  and  is  fitted 
with  a  polycarbonate  visor  which  will  withstand  the  blast.  As  the  man  comes  out  of  t.he  aircraft  an 
automatic  IFF  system  is  tripped  which  shows  that  an  ejection  has  taken  place  on  all  the  radar  screens 
which  are  currently  painting  the  aircraft.  As  the  man  separates  from  the  seat  the  automatically 
inflated  liferaft  and  automatically  inflated  life  preserver  are  armed  ready  for  operation  on  water  entry 
and  the  personal  locator  beacon  is  switched  on  to  transmit.  As  the  man  comes  down  on  his  parachute  he 
falls  into  the  sea  and  both  liferaft  sued  life  preserver  inflate  and  at  the  same  time  the  man  is  supported 
in  the  water  by  his  life  preserver.  The  beacon  is  of  course  continuously  transmitting.  Obviously  if 
the  man  is  unconscious  he  will  not  have  been  able  to  remove  his  oxygen  mask  from  his  iace  and  to  this  end 
we  have  provided  a  self-closing  valve  in  the  lower  end  of  the  man's  oxygen  hose  and  an  anti -suffocation 
valve  in  the  mask  and  this  will  enable  the  unconscious  pilot,  whose  head  is  being  supported  above  the 
water  by  his  life  preserver,  to  continue  to  breathe.  We  have  not  at  the  present  time  included  automatic 
release  of  .he  parachute  as  this  is  not  a  device  that  is  currently  accepted  by  air  staffs  most  pilots 
fearing  a  malfunction  due  to  some  mechanical  mishap.  However,  we  have  conducted  trials  which  show  that 
the  parachute  sinking  beneath  the  sea  will  not  act  as  a  drogue  and  drag  the  man  under  for  a  period  of  at 
least  25  minutes  in  a  rough  sea.  Even  beyond  that  time  it  is  unlikely  to  do  so.  These  systems  are 
already  in  service  today  and  provide  the  man  with  an  increased  chance  of  survival  especially  under  adverse 
conditions.  However,  I  am  sure  that  most  of  the  people  in  this  audience  are  well  aware  that  although 
the  opportunity  exists  to  install  such  equipment  on  all  aircraft  very  few  Air  Forces  or  Navies  indeed 
have  taken  the  comprehensive  package  and  I  can  say  that  at  the  present  time  only  the  Tornado  has  taken 
the  complete  overall  protection  approach.  The  US  Navy  are  currently  working  on  a  man  safe  design  of 
equivalent  capabilities  to  the  Tornado  but  plan  to  automatically  disconnect  the  parachute  at  water  ent-'y  .- 
Again  this  seems  to  be  a  programme  that  has  had  very  low  priority  and  therefore  I  sometimes  wonder  what 
are  the  chances  of  persuading  today's  requirements  divisions  to  accept  the  designs  of  tomorrow  when  we 
currently  cannot  get  our  existing  equipment  up  to  a  reasonable  standard. 

However,  to  look  at  the  more  cheerful  side;  where  are  we  heading  for  in  the  future?  One  a.ea 
which  bears  considerable  investigation  is  the  reclining  seat  which  is  now  being  looked  at  for  aircraft 
of  the  future.  This  seat  improves  the  roans  tolerance  to  'G1  and  also  decreases  the  fatigue  factor  and 
in  fact  I  know  the  Chairman  of  our  current  panel  session  Wing  Commander  David  Glaister  has  in  fact  done 
centrifuge  runs  in  a  supemated  seat  of  around  ICG.  Now  we  must  make  this  supemated  seat  suitable 
for  ejection  and  we  have  therefore  been  working  on  this  aspect  over  the  last  few  months  and  I  show  here 
a  film  of  a  mock-up  employing  proven  principles  that  incorporate  into  a  design  giving  the  reclined  seat 
effect.  It  is  noticeable  that  during  this  short  snip  of  film  that  you  can  see  that  whilst  the  seat  is 
being  reclined  or  returned  to  the  upright  position  then  little  or  no  change  is  taking  place  in  the 
tension  in  the  harness  or  the  geometry  of  the  eye  position,  the  head  remaining  in  the  almost  identical 
position  to  that  from  which  it  starts.  The  only  area  in  which  the  geometry  is  changing  are  the  rudder 
pedals  and  I  believe  that  it  should  not  be  beyond  the  engineering  ingenuity  of  most  people  to  design 
this  simple  feature  into  a  reclining  seat  aircraft.  Again  we  are  up  against  the  problem  of  time  and 
here  again  we  have  managed  to  reduce  the  retraction  time  ot  the  seat  pan  with  the  man  in  it  to  .25  sec. 
and  hope  shortly  to  reduce  this  further  to  .15  sec.  once  we  have  the  facilities  for  doing  bo.  This 
will  mean  that  if  the  aircraft  has  a  Jettisonable  canopy  then  during  the  time  that  the  canopy  is  clearing 
the  aircraft  the  seat  can  be  carrying  out  that  retracting  movement. 

There  are  other  projects  such  as  the  USN  sponsored  Maximum  Escape  Performance  Seat  (MEPS)  which 
seeks  the  cold  of  space  and  directs  a  vemiered  rocket  to  project  the  seat  upward  away  from  the  ground; 
capsules  which  are  expensive  and  require  frequent  expensive  modification  as  weights  within  the  cockpits 
change  -  and  many  other  embryo  ideas. 

I  can  think  of  no  better  wav  of  closing  than  to  quote  the  words  of  a  distinguished  U.S.  Navy 
Admiral,  Vice  Admiral  Frederick  Turner  who  stated  recently  : 

"We  have  seats  and  ejection  systems  that  literall.  hurl  the  man  out  into  the  darkness  in  all 
different  directions,  unstabilized,  limbs  akimbo,  neck  snapping  and  even  though  he  might  be  extricated 
from  the  falling  machine  and  thrown  into  the  air,  he  may  be  incapacitated  when  free  of  the  aircraft  because 

of  injury  .  He  needs  some  mechanical  or  technical  assistance  to  reduce  the  shock,  keep  his  senses 

going  and  give  him  some  little  time.  He  needs  some  automatic  systems  to  divest  nim  of  emcumberlng 
parachutes,  gear  about  his  face  and  the  like,  when  he  is  thrown  into  the  sea." 

Well  gentlemen  we  in  the  U.K.  have  made  some  progress  in  this  area  but  we  can  go  no  further 
without  the  acceptance  by  Air  Forces  and  Navies  of  such  systems. 
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The  time  delay  that  occurs  between  the  actuation  of  an  escape  system  and  the  actual  initiation  of  the 
ejection  catapult  acceleration  to  separate  the  crew  from  an  aircraft  is  one  of  the  critical  factors  in 
the  design  of  escape  systems  for  high-speed  low-level  (HSLL)  flight  conditions.  This  delay  may  preclude 
what  could  otherwise  be  a  successful  escape  from  certain  HSLL  profiles.  The  purpose  of  this  pa,er  is  to 
examine  the  significance  of  current  operational  delay  times  and  describe  techniques  to  minimize  the  de¬ 
lays.  Operational  through-the-canopy  ejection  data  are  presented  to  assess  the  risk  of  injury  incurred 
in  eliminating  the  delay  time  altogether.  Experimental  data  from  tests  with  human  volunteers  are  pre¬ 
sented  to  demonstrate  the  potential  for  significantly  reducing  the  time  required  for  upper  torso  retrac¬ 
tion.  Finally,  the  implications  of  available  aeromedical  evidence  are  evaluated  in  the  definition  of  the 
most  promising  approaches  to  minimize  the  time  required  for  a  HSLL  escape  sequence. 

INTRODUCTION 

The  problem  of  providing  a  successful  means  of  escape  from  a  disabled  aircra:t  is  quite  severe  when 
the  aircraft  is  operating  in  the  high-speed  low-level  (HSLL)  flight  regime.  Many  contemporary  escape 
systems  are  capable  of  providing  survivable  ejection  from  a  variety  of  flight  profiles,  including  an 
aircraft  parked  on  the  ramp  or  one  flying  at  high  speed  and  high  altitude.  However,  when  high  speed  and 
low  altitude  are  confronted  in  combination,  these  same  systems  may  function  poorly.  This  result  derives 
primarily  from  considerations  of  available  time.  Low  altitudes  and  high  speeds  imply  the  potential  for 
ground  contact  befo.c  the  escape  system  can  complete  its  function.  The  circumstances  are  particularly 
crucial  in  tl.?  face  of  other  adverse  factors  such  as  terrain  variations,  high  sink  rates,  or  unstable 
flight  conditions. 

A  timely  decision  to  eject  is  particularly  important  in  the  HSLL  regime.  However,  once  that  decision 
has  been  made  (either  by  the  pilot  or  by  an  automatic  system)  the  crewmember  must  usually  remain  in  the 
aircraft  unwillingly  while  the  pre-ejection  sequence  takes  place.  This  period  typically  involves  approx¬ 
imately  30C  milliseconds,  during  which  the  canopy  may  be  jettisoned  and  the  upper  torso  and/or  extremities 
pre-positioned  for  ejection.  When  these  activities  are  completed,  the  seated  crewmember  is  accelerated 
out  of  the  aircraft.  It  must  be  emphasized  that  this  300  milliseconds  is  added  to  variable  delays 
associated  with  recognition  of  the  emergency,  decision  making,  attempts  at  corrective  action  (if  any), 
and  actuation  of  the  escape  system. (1)  The  interaction  of  the  various  escape  factors  is  diagrammed  in 
Figure  1.  Several  of  the  factors  will  be  discussed  in  greater  detail  later  in  this  paper. 

In  a  high  performance  ai-oraft,  300  milliseconds  can  be  a  significant  period  of  time  depending  upon 
situational  variables  such  as  :he  nature  of  the  aircraft  emergency  and  the  component  of  aircraft  closing 
velocity  with  an  obstruction.  If  the  aircraft  is  breaking  up  or  departing  from  stable  flight,  much  can 
be  said  for  exiting  the  aircraft  promptly,  even  at  high  altitude.  When  the  aircraft  is  approaching  an 
obstruction,  successful  ejection  must  generally  occur  well  before  aircraft  impact  since  the  ejected  mass 
must  clear  the  aircraft,  decelerate,  and  accomplish  parachute  deployment  before  its  residual  velocity 
carries  it  into  the  obstruction  as  well.  As  an  example  of  the  significance  of  a  300  millisecond  delay, 
it  can  be  seen  that  an  aircraft  moving  at  a  velocity  of  400  knots  will  travel  approximately  200  feet  in 
300  milliseconds.  At  600  knots,  the  distance  covered  will  be  approximately  300  feet.  The  critical  para¬ 
meter  is  not  the  scalar  speed,  however,  but  the  ve.tor  component  of  velocity  in  the  direction  of  the  most 
serious  obstruction.  In  the  majority  of  cases,  the  aircraft  vector  velocity  is  such  that  a  significant 
velocity  component  is  parallel  to  the  obstruction.  In  order  for  the  300  millisecond  delay  to  be  signifi¬ 
cant  in  determining  successful  ejection,  the  trajectory  must  be  such  that,  with  the  delay,  an  otherwise 
survivable  ejection  is  compromised.  One  simplified  way  to  assess  the  importance  of  this  parameter  nay  be 

seen  in  Figure  2.  The  maximum  recoverable  dive  angles  are  plotted  as  a  function  of  speed  for  various 

altitudes,  with  and  without  the  300  millisecond  delay.  These  figures  are  computed  from  published  perfor¬ 
mance  data  for  the  A-10  ejection  seat  in  the  high  speed  mode  at  0°  roll. (2)  Each  shaded  area  represents 
the  range  of  constant  dive  angles  at  that  altitude  for  which  the  300  millisecond  delay  is  decisive.  For 
each  altitude,  dive  angles  above  the  shaded  area  are  all  non-recoverable  ejections.  Dive  angles  below  the 
shaded  area  are  all  recoverable  ejections,  with  or  without  the  delay.  At  300  feet,  it  can  be  seen  thac 

the  dive  angles  for  which  the  delay  is  decisive  are  limited  to  a  3.5°  to  5.5°  ban.!,  depending  on  the 

aircraft  speed.  For  example,  at  450  knots,  the  delay  is  decisive  only  for  constant  dive  angles  between 
15°  and  18.5°.  On  either  side  of  that  band  in  this  simplified  case,  thj  outcome  is  independent  of  the 
presence  or  absence  of  a  300  millisecond  delay.  As  altitude  increases,  tne  delay  at  first  becomes  more 
significant,  as  at  700  feet  in  which  the  critical  band  ranges  from  8.5°  to  20°  depending  on  the  speed. 

For  example,  at  250  knots,  the  delay  is  decisive  for  constant  dive  angles  between  63°  and  83°.  Here, 
however,  the  dive  angles  involved  are  much  steeper,  and  consequently  less  often  encountered.  As  ejection 
altitude  is  increased  still  more,  tne  presence  or  absence  of  the  delay  eventually  becomes  completely 
inconsequential  with  respect  to  terrain  impact  avoidance. 

Similar  families  of  curves  can  be  generated  for  other  flight  profiles,  incorporating  various  roll 
angles,  roll  rates,  or  more  complex  trajectories  such  as  a  parabolic  curve  with  increasing  dive  angle.. 

Such  analvses  will  continue  to  demonstrate  Lnat  the  300  millisecond  delay  is  decisive  in  only  a  small 
percentage  of  potential  ejection  trajectories.  This  remains  true  since  the  delay  is  significantly 
smaller  than  the  time  from  ejection  initiation  to  parachute  opening.  During  this  time,  the  ejected  mass 
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Figure  2.  TRAJECTORIES  FOR  WHICH  0.3  SECOND  DELAY  IS  DECISIVE 


may  travel  great  distances  in  the  direction  of  the  aircraft  flight  path  at  ejection.  This  is  precisely 
why  techniques  which  delay  parachute  opening  in  order  to  produce  complex  trajectory  changes  may  be  delete¬ 
rious  in  some  cases.  The  difficulty  is  most  easily  seen  with  trajectories  in  which  the  closing  velocity 
with  the  qround  is  greater  than  can  be  overcome  by  the  available  ejection  seat  thrust  aid  in  which  the 
initial  ejection  direction  is  already  favorable,  which  is  usually  the  case. 

Therefore,  when  we  consider  a  problem  such  as  the  300  millisecond  delay  which  is  expected  to  be  deci¬ 
sive  in  only  a  small  minority  oi  potential  ejection  scenarios,  we  must  take  great  care  to  avoid  institut¬ 
ing  a  solution  to  the  problem  which  would  compromise  safe  performance  of  the  escape  system  in  the  majority 
of  situations. 

TECHNIQUES  FOR  FASTER  EJECTION 

The  sequenced  delay  problem  could  be  attacked  by  reducing  the  effects  of  the  delay,  reducing  the  delay, 
or  by  a  combination  of  both.  The  potential  for  reducing  the  effects  of  the  delay  will  be  briefly  examined 
first.  The  techniques  will  include  more  rapid  escape  system  actuation  and  aircraft  trajectory  modifica¬ 
tions  before  and  after  escape  system  actuation. 

In  spite  of  the  significance  of  the  short  time  intervals  of  the  ejection  sequence,  it  remains  true 
that  the  most  significant  delays  occur  prior  to  ejection  sequence  initiation.  These  delays  occur  as  a  re¬ 
sult  of  the  time  required  to  recognize  an  emergency,  decide  on  a  course  of  action,  and  initiate  escape. 
Furthermore,  the  course  of  action  may  include  one  or  more  attempts  at  corrective  efforts  which  involve 
further  reaction  times  to  accomplish  these  efforts  and  assess  results.  The  importance  of  a  timely  deci¬ 
sion  to  eject  is  frequently  st.essed  to  aircrew  members,  and  appropriately  so.  However,  significant  bene¬ 
fits  may  be  realized  by  automatic  systems  to  facilitate  this  function,  particularly  in  the  HSLl  flight 
environment.  An  example  of  this  approach  is  the  pitch-up  maneuver  that  is  automatically  engaged  when 
failure  is  detected  in  a  terrain  following  autopilot.  This  maneuver  allows  the  crewiember  additional  time 
for  assessment  and,  if  necessary,  escape  initiation.  More  sophisticated  sensing  of  aircraft  flight  para- 
maters  and  terrain  clearance  could  allow  automatic  initiation  of  emergency  aircraft  maneuvers,  short  of 
actual  ejection,  even  when  the  aircraft  is  beinq  manually  flown.  The  philosophy  for  such  systems  would 
require  special  attention  to  limit  their  actuation  to  situations  in  which  a  clear  departure  from  con¬ 
trolled  flight  has  occurred.  Optional  manual  initiation  could  be  employed.  Their  function  could  be  to 
deploy  speedbrakes  and  seek  to  gain  favorable  altitude  and  flight  path  with  respect  to  terrain.  Actual 
ejection  initiation  could  be  left  to  the  pilot  ur  accomp'ished  automatically  in  clearly  irrecoverable  de¬ 
partures  from  controlled  flight.  Such  systems  may  allow  safe  recovery  from  otherwise  impossible  situa¬ 
tions.  Their  use  seems  more  reasonable  under  HSLL  flight  conditions  when  it  is  recalled  from  Figure  1 
that  a  ;g°  dive  angle  leads  to  an  irrecoverable  ejection  from  300  feet  at  450  knots,  even  without 
sequenced  delay. 

If  consideration  is  limited  to  manual  escape  initiation,  the  aircraft  may  still  be  designed  to 
automatically  sense  critical  flight  profiles,  display  warnings,  and  allow  escape  system  actuation  from 
the  crewmember’s  flying  position  with  minimum  motion  consistent  with  protection  against  inadvertent 
operation. 
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The  basic  intention  of  this  paper  will  now  be  served  by  pursuing  an  examination  of  techniques  to  re¬ 
duce  the  300  millisecond  sequenced  delay  time.  Since  the  delay  is  normally  used  to  jettison  the  canopy 
and  accomplish  upper  torso  repositioning,  reducing  the  deky  must  affect  the  performance  of  both  functions. 
Three  basic  approaches  suggest  themselves: 


1.  Decrease  canopy  removal  time; 

Decrease  torso  repositioning  time. 

2.  Eliminate  canopy  removal; 

Decrease  torso  repositioning  time. 

3.  Eliminate  canopy  removal; 

Eliminate  torso  repositioning, 

A  fourth  permutation  (decrease  canopy  removal  time,  eliminate  torso  repositioning)  can  be  discarded  if  it 
is  assumed  that  torso  -epositioning  is  desirable  and  that  it  can  be  accomplished  at  least  as  npidly  as  a 
faster  canopy  removal.  An  additional  assumption  is  that  limb  restraint  must  not  necessarily  be  complete 
before  firing  of  the  ejection  catapult. 

Strictly  from  time  considerations,  the  third  alternative  appears  preferable  since  it  allows  immediate 
ejection  initiation  with  system  actuation.  However,  based  on  conclusions  from  the  previous  discussion, 
such  a  "solution"  would  only  be  preferable  if  the  improvements  to  be  realized  outweighed  any  costs  to  be 
incurred  in  terms  of  ejection  morbidity  and  mortality.  The  improvements  to  be  realized  cannot  be  clearly 
quantified  without  a  knowledge  of  the  population  statistics  of  the  ejection  parameters  to  be  encountered 
in  future  HSIL  operations.  From  the  previous  analysis,  however,  it  could  reasonably  be  expected  that  the 
delay  will  be  critical  in  a  minority  of  cases.  On  the  other  hand,  it  is  intuitively  desirable  to  increase 
the  safe  ejection  envelope,  by  no  matter  how  small  an  amount,  with  the  expectation  that  it  will  help 
sooner  or  later.  The  basic  question  is  then  related  to  the  possible  costs  incurred  in  eliminating  upper 
torso  retraction  and  ejecting  immediately  through  the  canopy. 

THROUGH-THE-CANOPY  INJURY  DATA 

Ooerational  data  are  available  to  assess  th.z  experience  with  several  through-the-canopy  (TTC)  ejection 
systems  in  which  upper  torso  retraction  was  not  performed.  These  data  were  analyzed  in  order  to  assess 
the  potential  risk  associated  with  a  proposed  modification  to  a  low-level  aircraft  which  would  introduce  a 
TTC  system  as  the  primary  escape  mode.  Figure  3  demonstrates  a  comparison  of  tne  results  of  16  pairs  of 
ejections  from  the  Unitea  States  Navy  A-6  aircraft. (3)  The  pairs  were  formed  by  utilizing  16  available 
canopy  jettison  ejections  and  obtaining  a  best  match  for  altitude  and  speed  at  ejection  from  among  114 
ejections  through-the-canopy.  The  adequacy  of  the  matching  can  be  seen  in  Table  1.  The  summary  in  Figure 
3  indicates  significantly  increased  injury  rates  for  lacerations  in  the  TTC  data  (p  =  0.1).  rpinal  frac¬ 
tures  appear  to  be  increased  in  the  TTC  data  but  are  not  found  to  be  significant  at  the  90%  confidence 
level  for  this  small  sample.  A  similar  match  was  performed  using  22  non-fatal  TTC  ejections  from  the 
United  States  N?vy  A 7  aircraft  (3).  lhese  were  matched  with  A7  canopy  jettison  data  from  among  152  ejec¬ 
tions.  The  matched  parameters  are  shown  in  Table  2  and  the  injury  comparison  in  Figure  4.  In  this  case, 
the  TTC  ejections  showed  a  significantly  increased  rate  of  spinal  fractures  (p=  0.1)  and  lacerations 
( p  =  0.C5). 

These  data  are  particularly  significant  when  the  ejection  equipment  is  taken  into  account.  In  both 
comparisons  the  TTC  system  had  milder  ejection  seat  thrust  profiles  than  did  the  canopy  jettison  systems. 
This  should  tend  to  produce  fewer  spinal  injuries  in  the  TTC  experience  but,  in  fact,  the  reverse  was 
true. 

A  further  interesting  finding  in  these  data  was  the  distribution  of  spinal  fractures  observed.  A 
total  of  394  ejections  were  examined  from  a  variety  of  United  States  Navy  aircraft,  including  224  TTC 
ejections.  The  resulting  spinal  fractures  are  summarized  in  Figure  5.(3)  The  bimodal  distribution  is  in 
contradistinction  to  the  large  sample  of  Un.ted  States  Air  Force  spinal  fracture  data  shown  in  Figure  6. 
(3)  This  data  is  modal  about  a  peak  which  occurs  in  the  lower  thoracic-upper  lumbar  region.  The  mid- 
thoracic  peak  in  some  data  samples  has  beer  previously  reported  elsewhere,  (4)  but  in  this  sample  was 
found  to  derive  largely  from  the  TTC  systems.  A  similar  mid-thoracic  peak  has  been  claimed  for  Air  Force 
F/FB-111  and  F-4  ejection  data. (4,5)  Surprisely,  available  data  from  64  United  States  Air  Force  inadver¬ 
tent  TTC  ejections  did  not  demonstrate  the  mid-thoracic  peak  (Figure  7). (3) 

The  operational  injury  data  does  r.jt  delineate  cause  and  effect  mechanisms;  however,  it  does  Indicate 
that  a  cost  in  terms  of  morbidity  and  mortality  may  be  incurred  when  the  sequenced  delay  time  is  elimi¬ 
nated  altogether.  The  cost  may  well  be  out  of  proportion  to  the  small  benefit  to  be  gained  from  elimi¬ 
nating  the  delay.  This  cost  may  derive  from  ejecting  throuqh  the  canopy  or  from  falling  to  retract  the 
upper  torso  or  from  a  combination  of  the  two.  If  the  source  of  spinal  injury  is  related  tc  ejecting 
through  the  canopy,  the  question  remains  as  to  the  mechanism  of  Injury  production.  Downward  loading 
through  the  head  or  shoulders  may  be  implicated.  Alternatively,  temporary  retardation  of  the  seat,  as  it 
forces  Its  way  through  canopy  material,  could  produce  a  surge  in  the  acceleration  of  the  seat  ar.d,  there¬ 
fore,  the  force  transmitted  to  the  spine  th-ough  the  seat  pan.  A  third  possibility  Is  flexion  of  the 
spine  during  catapult  firing  in  the  absence  of  windblast  force  until  clearing  the  canopy.  This  mechanism 
is  based  on  the  supposition  that  the  head  and  torso  of  the  ejectee  are  benefited  by  the  restraining  force 
of  aerodyamic  pressure  acting  on  the  ejectee  after  canopy  jettisoning.  Newer  approaches  to  TTC  ejection 
incorporate  various  designs  of  canopy  weakening  or  canopy  fragmenting  pyrotechnics  using  mild  detonating 
cord  (MDC).  Whatever  the  postulated  mechanism  of  injury,  it  would  appear  that  active  dispersal  of  the 
canopy  by  a  pyrotechnic  system  would  minimize  the  likelihood  of  the  canopy  being  a  contributor  if  a  clear 
path  for  the  seat/man  combination  could  be  provided. 

Without  a  clear  definition  of  cause  and  effect  in  the  observed  Injury  data,  it  Is  unlikely  that  a  test 
approach  cuuld  be  proposed  which  would  prospectively  assure  that  a  given  TTC  system  would  not  produce 
similar  Injuries.  The  best  that  can  be  reasonably  expected  would  be  to  design  a  system  which  avoids  the 
imposition  of  forces  that  appear  most  likely  to  be  implicated  and  await  an  operational  assessment. 
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An  alternative  to  the  TTC  approach  is  more  rapid  canopy  removal.  Some  newer  systems  achieve  this,  but 
the  residual  time  delay  penalty  seems  to  be  about  160  milliseconds  even  at  high  speed.  The  most  desirable 
system  would  produce  a  greater  decrease  in  the  delay.  Since  we  are  dealing  with  a  problem  where  a  solu¬ 
tion  may  yield  only  a  small  benefit,  it  seems  ill-advised  to  spend  large  sums  to  correct  half  of  it. 

TORSO  RETRACTION  EXPERIMENTAL  DATA 

Turning  to  the  problem  of  upper  torso  retraction,  current  ballistic  inertia  reel  specifications  appear 
to  be  based  on  present  canopy  removal  times  rather  than  on  human  tolerance  to  the  retraction  provided  by 
the  reel. (6)  In  order  to  assess  the  potential  for  shortening  this  time,  a  series  of  human  volunteer  tests 
was  performed  at  the  Aerospace  Medical  Research  Laboratory  ( AMRL )  at  Wright-Patterson  Air  Force  Base,  Ohio. 
These  tests  included  179  human  exposures  during  the  period  from  January  1978  to  April  1979. 

The  AMRL  Body  Positioning  and  Restraint  Device  (BPRD)  was  used  to  accomplish  upper  torso  retraction. 

The  BPRD  is  a  hydraulically  actuated  retraction  system  designed  to  simulate  the  force-time  history  of  a 
powerpd  inertia  reel. (6)  i he  subject  wore  a  helmet  and  USAF  restraint  harness  and  was  seated  on  an  inst.ru- 
,-iented  seat  which  allowed  recording  of  the  inertial  forces  reacted  by  the  subject  into  the  seat  pan  and 
seat  back.  The  subject  was  restrained  by  a  conventional  seat  belt  and  torso  harness.  Force  transducers 
were  used  to  measure  loading  applied  to  the  subject.  The  shoulder  straps  were  attached  to  the  torso  har¬ 
ness  using  standard  Koch  fittings.  The  other  ends  of  the  shoulder  harness  were  attached  to  the  retraction 
cable  of  the  BPRD.  The  cable  was  extended  by  a  measureJ  amount  prior  to  each  test.  The  subject  was  asked 
to  lean  into  the  harness  and  maintain  10  to  20  pounds  of  force  to  simulate  the  normal  reel  retraction  ten¬ 
sion.  The  actual  value  was  displayed  to  the  subject  on  a  digital  meter.  The  signal  was  derived  from  a 
force  cell  linked  to  the  retraction  cable.  At  initiation,  the  subject  was  retracted  by  the  hydraulic 
actuator  and  impacted  the  instrumented  seat  back.  Head  and  chest  accelerations  were  approximated  using 
triaxial  accelerometer  arrays  applied  over  the  subject's  sternum  and  fixed  to  the  maxillary  teeth.  Sub¬ 
jects  participated  no  more  often  than  once  per  week.  Medical  supervision  included  pre-test  and  post-test 
physical  examinations  and  blood  pressure  measurements  as  well  as  continuous  electrocardiographic  monitor¬ 
ing  with  a  medical  officer  in  attendance.  Twenty-two  subjects  participated  during  various  stages  of  the 
program,  20  males  and  2  females.  Each  subject  followed  a  sequence  of  gradually  increasing  retraction 
lengths  and/or  hydraulic  pressures.  A  sequence  of  pictures  illustrating  a  typical  retraction  is  included 
as  Figures  8-11. 


Figure  10  Figure  11 

101  Milliseconds  139  Milliseconds 


10  INC!!.  (?5.4  CM)  RETRACTION  SEQUENCE 
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Although  operational  reels  generally  provide  18  inches  (45.7  cm)  of  retractable  length,  it  has  been 
found  that  a  portion  of  that  length  is  used  in  order  to  extend  the  shoulder  straps  to  reach  the  attachment 
fittings  of  the  torso  harness.  The  practical  maximum  retraction  distance  is  approximately  14  to  15  inches 
fo»-  a  crewmember  grossly  out  of  position.  Such  a  situation  is  probably  most  likely  in  a  multiseat  air¬ 
craft  in  which  a  crewmember  may  be  ejected  unprepared  in  an  aircraft  undergoing  high  6  maneuvers,  or  in  ar. 
accidental  or  automatic  ejection.  The  AMRl  experiments  investigated  retraction  distances  of  10,  12,  and 
14  inches  (25.4,  30.5,  and  35.6  cm). 

The  results  of  these  tests  indicated  that  retraction  of  the  human  torso  in  a  one  6  field  could  be 
safely  performed  in  much  less  than  300  milliseconds  even  through  T?rge  distances  approximate  ig  the  maximum 
extention  of  a  typical  reel.  The  means  and  standard  deviations  for  selected  parameters  are  presented  in 
Table  3.  (The  “PSI"  notation  denotes  the  hydraulic  pressure  used  to  produce  the  retraction).  Figure  12 
presents  a  plot  of  peak  caule  force  versus  retraction  time.  It  can  be  seen  that  a  point  of  diminishing 
returns  is  eventually  reached  in  which  large  Increases  in  cable  force  produce  only  small  decreases  in 
retraction  time.  All  measured  parameters  appear  to  be  well  within  human  tolerance.  The  subjects  tole¬ 
rated  the  procedure  well  in  all  cases  and  generally  reported  enjoying  the  experience. 

Several  other  points  are  worthy  of  note.  The  retraction  time  was  defined  as  the  time  from  the  onset 
of  cable  force  to  the  peak  of  seat  back  force.  Approximately  10  milliseconds  should  be  added  to  the 
reported  retraction  times  to  allow  for  the  uncertainties  in  the  timing  of  the  pyrotechnic  element  in  the 

inertia  reel.  Peak  seat  back  force  appeared  to  be  a  reasonable  retraction  completion  criterion.  Some 

subjects  had  continuing  head  erection  movement  following  this  point,  but  others  maintained  a  head-forward 
position.  The  optimum  time  for  ejection  initiation,  therefore,  could  nut  be  based  on  head  orientation 
after  retraction.  This  would  be  particularly  true  in  retracting  a  subject  whose  torso  was  already  on  the 
seat  back. 

One  experimental  condition  purposely  did  not  reproduce  an  operational  retraction.  In  our  tests,  the 
subject  was  fastened  to  the  cable  with  the  piston  fully  retracted  and  adjusted  for  comfort.  This  assured 
that  no  significant  afterload  would  be  placed  on  the  subject  by  the  hydraulics  after  retraction.  Such  is 

not  the  case  in  the  cockpit  since  the  inertia  reel  generally  does  produce  an  afterload.  A  future  test 

series  is  planned  at  AMRL  with  applied  afterloads.  It  is  anticipated  that  the  forces  and  accelerations 
at  seat  back  contact  in  this  case  wil1  be  more  severe.  It  should  be  recognized  however,  that  although 
the  reported  experiment  does  not  duplicate  the  operational  system  in  all  respects,  the  operational  config¬ 
uration  could  be  made  to  duplicate  the  experiment,  if  desired,  by  a  procedural  change  and  the  provision 
of  adjusters  on  the  harness. 

A  final  point  concerns  head  impact  against  the  backrest  at  the  end  of  retraction.  During  develop¬ 
mental  tests  for  the  human  test  series,  anthropomorphic  dummies  were  utilized  to  determine  expected 
force  levels.  The  dunmies  experienced  head  impacts  in  the  range  of  planned  human  exposures.  Some  of 
the  impacts  were  of  such  great  force  that  helmet  fractures  occurred.  Our  analysis  indicated  that  active 
neck  muscular  effects  in  the  human  would  significantly  reduce  the  head  velocity  at  impact  allowing  a 
safe  exposure.  Furthermore,  human  tests  at  low  levels  indicated  that  the  duiimy  tests  predicted  higher 
accelerations  than  were  observed  with  volunteers.  He  therefore  proceeded  with  the  planned  exposures  and, 
to  our  surprise,  observed  no  significant  head  impacts  at  ali.  This  points  up  once  again  the  critical  need 
for  continued  live  human  subject  testing.  Particularly  when  designing  systems  intended  to  be  safe,  know¬ 
ledgeable  developmental  testing  with  living  subjects  can  yield  invaliable  -ata  for  optimized  designs, 
allowing  demonstrated  safe  performance  at  levels  which  would  appear  to  be  injury  levels  using  dummies, 
human  cadavers,  or  animals. 


Table  3.  RETRACTION  TEST  PARAMETERS 


Retraction  Length 

10  Inches 

Retraction  Length 
12  Inches 

Retraction  Length 

14  Inches 

600  PSI 

900  PSI 

600 

PSI 

900  PSI 

600  PSI 

900  PSI 

1 

Retraction  Tine  (Seconds) 

148  (  8.2) 

134  (11.5) 

167 

(  9  ) 

144  ( 

9  ) 

190  (12  ) 

158  (  10  ) 

2. 

Peak  Cable  Force  (Pounds) 

185  (24.3) 

- 

250  (28.5) 

188 

(19.4) 

259  (  35.6) 

198  (24.3) 

286  (  34.9) 

}. 

Average  Reel  Retraction 
Velocity  (Feet /Second) 

77.9  (  2.4) 

97.4  (  2.7) 

87.2 

(  2.3) 

108.5  ( 

4.1) 

86.1  (  2.5) 

110.9  (  3.5} 

Peak  Seat  Pan  Force  (Pounds) 

75  (18  ) 

102  (23.4) 

96 

(21  ) 

118  ( 

34  ) 

109  (31  ) 

146  (  40  ) 

5. 

Peak  Lover  Back  Force  (Pounds) 

• 

ft 

91.2 

(41.1) 

84.2  (  41.4) 

106.3  (31.8) 

109  (  29.8) 

6. 

Peak  Upper  Back  Force  (Poixtda) 

354  (71  ) 

466  (70.6) 

365 

(77.8) 

512.4  (111.2) 

326.3  (48.7) 

463  (106.6) 

7- 

Peak  Chest  Acceleration 

a.  Retraction  (G*s) 

7.2  (  1.4) 

11.6  (  1.5) 

8.2  (  1.9) 

11.8  ( 

2.6) 

6.9  (  1.4) 

11.5  (  2.1) 

b.  Seat  Back  Iapact  (C'a) 

7.5  (  1.2) 

11.9  (  1.9) 

10.6  (  2.9) 

15.4  ( 

3.4) 

9.2  (  3.4) 

13.3  (  2.6) 

8. 

Peak  Head  Acceleration 

a.  Retraction  Acceleration 
(C*s) 

7.1  1  1.5} 

11.7  (  3.0) 

9.4 

(  2.6) 

15.7  ( 

4.5) 

8.2  (  2.1) 

15.9  (  5.4) 

L 

b.  Deceleration  (G’a) 

5.9  (  2.3) 

10.2  (  3.3) 

7.7 

(  1.2) 

13.5  ( 

3.5) 

5.8  (  1.3) 

_ 

12.0  (  2.2) 

Tabulated  value#  arr  experimental  aeana  with  the  etandard  deviation  In  parentheaea. 


*  No  Data 


1  ’zm  .•  '  l  mm  v  tww 
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Figure  12.-  MEAN  RETRACTION  TIME  VERSUS  MEAN  RETRACTION  FORCE 


SUMMARY  AND  CONCLUSIONS 

The  available  evidence,  therefore,  indicates  that  small  but  possibly  significant  improvements  in 
crew  survivability  may  be  realized  through  a  reduction  in  the  sequenced  time  delay  during  ejection.  This 
improvement  may  be  undermined  to  an  unknown  degree  by  other  ejection  injuries  or  fatalities  if  the  delay 
is  eliminated  altogether. 

Two  general  approaches  appear  to  hold  promise  for  attaining  an  improved  overall  escape  performance. 

The  first  approach  would  involve  an  improved  canopy  removal  system  with  a  faster  system  for  upper  torso 
retraction  as  demonstrated  in  the  experimental  series.  This  approach  would  be  limited  to  a  potential  im¬ 
provement  of  approximately  a  factor  of  two  over  present  systems  due  to  the  limited  capability  for  canopy 
removal . 

The-second,  and  ultimately  the  more  promising  approach  would  involve  an  advanced  TTC  system  in  which 
the  canopy  dispersal  pyrotechnics  would  allow  an  essentially  clear  path  for  crewmember  and  seat.  Further¬ 
more,  the  TTC  initiation  would  occur  at  the  completion  of  retraction  as  measured  by  an  active  sensor. 

Such  a  sensor  could  be  incorporated  in  the  seat  back  or  in  the  inertia  reel.  Shou’d  the  crewmember  be  in 
a  nearly  desirable  position,  the  ejection  would  occur  almost  immediately.  Should  the  crewmember  require 
retraction  throuqh  a  greater  distance,  the  ejection  would  be  delayed  by  a  variable  time  up  to  a  maximum  of 
approximately  140  milliseconds.  A  timed  ejection  would  be  initiated  at  that  point  to  insure  that  an  im¬ 
pediment  to  reel  function  or  sensing  would  not  disable  ejection.  The  human  test  data  presented  here  indi¬ 
cates  potential  for  safe  torso  retraction  within  these  times. 

Either  of  the  above  approaches  is  amenable  to  the  incorporation  of  automatic  trajectory  control  and 
actuation  techniques  discussed  earlier.  The  second  approach  would  produce  a  worst  case  delay  of  less  than 
half  that  found  in  current  systems  with  the  average  delay  (dependent  on  initial  torso  position)  being  much 
less. 


It  is  recommended  that  such  systems  be  considered  for  future  manned  aircraft  having  HSLL  mission  re¬ 
quirements.  It  is  further  recommended  that  additional  concerted  effort  be  directed  toward  the  development 
of  new  approaches  in  automatic  aircraft  emergency  sensing  and  escape  sequence  actuation.  These  efforts 
are  necessary  to  assure  maximum  likelihood  of  successful  escape  from  high  speed  low  level  flight  profiles. 
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No  fracture*  were  experienced  in  the  current  program*  which  involved  174  retractions.  All  forces 
and  loads  were  well  within  human  tolerance.  If  some  of  the  fractures  experienced  in  the  F/PB-111 
were  related  to  retraction  (and  that  hat  by  no  means  been  demonstrated),  some  evidence  suggests  that 
a  possible  injury  mechanism  involved  the  anchoring  of  the  shoulder  harness  below  the  shoulder  level 
posteriorly.  A  current  programe  is  investigating  the  correction  of  this  design  anomaly.  We 
believe  these  rapid  retractions  to  be  quite  safe  if  conventional  geometries  are  maintained. 


DR.  D.R.  MORGAN  (UK) 

Have  you  any  method  of  limiting  the  upward  movement  of  the  arms  during  retraction,  especially  for 
passively-ejected  personnel? 
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ABSTRACT 

Recent  advances  in  the  development  of  a  Maximum  Performance  Ejection  Seat  (MPES),  with  a  vertical 
seeking  capability,  address  the  need  for  safe  escape  from  aircraft  at  low  altitude,  high  speed  and  extreme 
adverse  attitude  conditions.  The  performance  specifications  of  this  system,  as  presently  envisioned, 
will  provide  safe  egress  from  an  inverted  aircraft  at  airspeeds  of  0  through  600  knots  and  altitudes  as 
low  as  50  feet  above  ground  level  (AGL).  The  data  base  and  techniques  to  be  used  to  predict  the  occupant 
response  consisted  of  instrumented  ejection  tests  (90  degree  and  175  degree  roll  at  100  feet  AGL\  mathe¬ 
matical  simulations,  arid  graphical  analysis  of  test  results.  Consideration  was  also  given  to  the  occupant's 
anthropomorphic  properties  and  physical  restrictions  such  as  initial  position  (as  determined  by  positioning 
and  restraint  hardware)  and  seat  configuration. 

This  paper  demonstrates  the  applicability  and  efficacy  of  utilizing  biodynemic  response  simulation 
and  other  techniques,  not  only  as  a  design  tool  in  the  evaluation  of  the  physical  compatibility  of  man 
and  ejection  system,  but  also  in  the  evaluation  of  the  ejection  system  performance. 

INTRODUCTION 

A  threat  to  aircrew  safety  is  present  during  all  aviation  flight  operations.  This  threat  is  comprised 
of  many  interrelated  factors.  Foremost  is  the  natural  and  induced  hostile  flight  environment  encountered 
by  the  aircrew.  During  combat  operations  this  environment  is  frequently  more  severe  due  to  the  tactical 
need  to  operate  the  aircraft  at  extreme  limits  of  the  flight  envelope.  When  aircraft  are  disabled,  in 
combat  or  due  to  human  or  mechanical  failure,  thin  threat  expands  to  include  the  hazards  associated  with 
the  escape  environment. 

With  the  advent  u."  high  performance  anu  V'STOI,  |Ye»tical/Short  Take  Off  and  Landing)  type  aircraft 
the  probability  of  an  attempted  escape  from  a  ditcbled  aircraft  in  other  than  level  fright,  at  near 
ground  level  altitudes,  is  in.  : eased.  At'eu; ted  es  .ape  fri  ■  this  adverse  environment  requires  improve¬ 
ments  to  aircrew  escape  ..apabil-ty  Bind  performance. 

Despite  the  success  achieved  with  m.  tern  r'  ;rew  escape  systems,  t.ieir  effectiveness  ir,  1 'W  altitude, 
adverse  attitudes  und  i.igh  sir:  \,'e  flight  -cndloions  1.  limited.  Iheue  escape  conditions  have  resulted 
in  a  significant  percentage  of  aiicrev  Ictalit  .“s  in  naval  aircraft.  To  u  large  extent  these  ejections 
were  out  of  safe  es. -.t>e  performance  envelopes  of  the  particular  escape  systems  involved. 

'aprovements  in  advene  attitude  escape  cppabilitf  nave  been  recently  demonstrated  as  part  of  a  U.S. 
Navy  uevexopment  ef for-  (Tigure  i).  Designated  tie  Maximum  Performance  Ejection  Seat  (MPES)  this  develop¬ 
ment  effort,  waen  compact e,  will  provide  major  advances  in  low  level,  adverse  attitude  escape  capability 
and  improvements  in  aircrew  sa: cty  and  survivability  (1).  Since  development  of  the  seat  is  a  radical 
departure  from  the  ejection  sea: s  ores:  tly  employed  in  Navy  aircraft,  the  evaluation  of  the  various 
subsystems  must  consider  not.  on  y  tne  reliability  and  maintainability  of  the  associated  hardware,  but 
also  the  man-machine-equipment  Interface.  1*. chniques  that  are  used  to  evaluate  this  interface,  however, 
have  not  kept  pace  with  the  ev..  .otic,  of  aircraft  crew  station  and  aircrew  equipment  design  or  their 
operational  capabilities.  Traditl  jr.ally  there  tecnnique3  include  drawing  reviews,  mockups,  flight  tests, 
as  well  as  track  and  ejection  tower  tests.  Although  important,  tve  usefulness  of  data  acquired  by  th'se 
methods  is  Hraitei,  since  it  does  not  take  into  aceoui>+  the  full  variability  in  crew  anthropometry  and 
environmental  factors,  nor  do  these  methods  produce  adequate  triaxial  time  histories  for  the  purpose  of 
estimating  occupant  re-  vnse  to  particular  acceleration  profiles.. 

To  evaluate  the  physical  -.~mp  'ibility  of  crew  members  with  the  MPES,  the  c  Canute  re  zed  Human  Body 
and  Crew  Station  Modeling  System  for  Motion  Studies  was  utilized  (2).-  71. is  computer  model  has  distinctive 

advantage  in  display  realism,  movement  deflation,  collision  and  interaction  detection  and  cost  effective¬ 
ness  in  real  time  animation  play-back  environment.  Utili-.ing  this  computer  model  during  the  development 
stages  of  the  MFES  can  serve  as  both  a  design  tool  as  well  as  an  effective  means  of  evaluation.  Due  to 
the  tremendous  increase  in  performance  expectation  of  the  MPES  it  is  prudent  to  obtain  proper  input  data 
to  generate  greater  computer  results. 

MPES  DESCRIPTION  AND  PERFORMANCE 

The  MPES  which  represent  a  combination  of  tecnnologicaj  development,  is  a  significant  advancement 
in  the  state-of-the-art  of  escape  system  technology.  These  advances  are  reflected  in  the  foliowing  major 
subsystems  (Figurt  2).- 
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The  Structural  Subsystem  is  a  light  weight,  high  strength  seating  platform  which  integrates  the 
various  other  MPES  subsystems.  It  is  fabricated  of  aluminum  honeycomb  sandwiched  between  two  aluminum 
sheet  facings.  Both  the  core  and  facings  vary  in  thickness  to  provide  the  most  efficient  structure. 

Weight  of  the  basic  structure  is  approximately  25  pounds  with  a  demonstrated  structural  strength  capa¬ 
bility  meeting  the  U.S.  Navy  crash  safety  standards.  The  structure  consists  primarily  of  a  seat  back 
with  rails,  a  bucket  for  housing  the  seat  propulsion  and  control  subsystem  and  a  seat  lid  mounted  on  top 
of  the  bucket.  Unlike  other  seats  which  house  the  recovery  subsystem  within  a  head  box  or  in  back  of  the 
crewmember,  the  area  between  the  guide  raiJ s  of  the  MPES  has  been  reserved  for  the  recovery  subsystem  in 
addition  to  other  key  components.  Contoured  space  on  the  front  surface  of  the  seat  back  has  been  allocated 
for  a  "soft  pack"  survival  kit  which  is  a  departure  from  the  present  day  cumbersome  Rigid  Seat  Survival 
Kit  (RSSK).  The  aluminum  honeycomb  structure  permits  the  internal  routing  of  control  cables  arid  electrical 
lines  for  maximum  shielding  and  protection. 

The  Survival  Subsystem  is  mounted  on  the  seat  back  in  the  lumbar  region  of  the  occupant.;  This  pack 
contains,  in  addition  to  all  of  the  conventional  emergency  survival  equipment,  an  oxygen  accumulator  for 
emergency  breathing.  Emergency  oxygen  is  supplied  to  the  accumulator  by  an  inert  chemical  oxygen  generating 
system,  thereby  eliminating  the  need  for  interfacing  with  liquid  oxygen  stores  aboard  air-capable  ships 
and  risking  the  hazards  associated  with  frequent  checking  and  maintenance. 

Occupant  Positioning  and  Restraint  is  provided  by  a  series  of  active  and  passive  components  working 
together  to  keep  the  crewmember  securely  restrained  in  the  seat  during  emergency  escape  but  unimpeded 
during  his  normal  mission  performance  routines.  It  consists  of  a  contoured  and  adjustable  headrest, 
extending  seat  side  panels,  ballistic  inertia  reel,  inertia  reel  strap  cutter,  automatic  lap  belt  retrac¬ 
tion  and  release  devices,  and  a  leg  restraint  and  positioning  system. 

The  headrest  acts  to  support  the  head  during  normal  take-off  and  flight  conditions.  For  catapult 
take-off,  the  headrest  is  manually  adjusted  to  its  full  forward  position  to  support  the  crewman's  head. 

In  this  position,  the  crewman  can  keep  his  eyes  focused  on  the  instrument  panel  displays  during  the 
catapult  stroke.  Upon  initiation  of  ejection,  the  headrest  automatically  retracts  into  the  full  aft 
position  to  insure  proper  head  alignment  for  the  ensuing  upward  acceleration. 

The  inertia  reel  is  a  device  from  which  two  straps  are  connected  to  a  standard  torso  harness.  At 
the  time  of  ejection  the  inertia  reel  is  gas  actuated  and  retracts  the  crewman's  shoulders  back  to  the 
seat  as  part  of  the  spiral  alignment  procedure.  The  seat  back  contour  provides  support  and  occupies  the 
area  extending  from  se«t  bucket  to  the  height  of  the  inertia  reel  take  up  straps.  The  seat  back/inertia 
reel  geometry  pre>  . _^es  the  possibility  of  arcing  hyperextension  of  the  upper  thorasic  spine  as  a  result 
of  the  scapulae  pi-.oting  around  the  upper  portions  of  the  seat  back  in  response  to  i  lertia  reel  activation 
(3). 


The  lap  belt  retraction  mechanism  is  activated  by  the  same  gas  source  os  the  inertia  reel.  The 
retraction  operation  tightens  the  lap  belt  to  anchor  the  crewman's  hips  and  to  prevent  "submarining"  upon 
ejection.  Both  the  inertia  reel  and  lap  belt  straps  are  released  automatically  as  part  of  the  seat/man 
separation  sequence.  As  an  option,  the  powered  inertia  reel  can  function  in  a  recyclable  mode  to  provide 
the  crewman  with  a  powered  and  controlled  retraction  within  the  cockpit.  This  system  permits  the  pilot 
to  regain  proper  seating  position  in  the  event  he  is  thrust  out  of  his  seat  by  adverse  flight  conditions 
or  out  of  controlled  flight. 

The  Recovery  Subsystem  takes  advantage  of  the  large  amount  of  free  space  available  between  the  seat 
guide  rails.  Its  placement  on  the  smooth  back  surface  of  the  seat  gives  the  best  assurance  tnat  it  will 
not  entangle  with  seat  structure..  It  consists  of  a  seat  back  mounted  chute  extraction  motor  and  a  vacuum 
sealed  parachute  packaging  system.  The  system  provides  the  pilot  with  the  optimum  in  reliability  through 
the  use  of  a  microprocessor  control  system  to  precisely  time  the  sequence  of  events  in  deploying  the 
pilot/drcque  chute  and  the  main  recovery  chute.  The  development  of  the  Sealed  to  Reduce  Maintenance 
(STORM)  parachute  packing  concept  permits  the  parachute  to  have  a  5  to  7  years  service-free  life  and  thus 
eliminate  the  requirements  for  a  paraloft  aboard  air  capable  ships,  frequent  (217  day)  repack  cycles  and 
costly  logistics  and  manning  support  t1*). 

The  Propulsion  and  Control  Subsystem,  located  under  the  seat  and  utilizing  a  major  portion  of  the 
seat  uucket  (Figure  2),  provides  the  MPES  with  a  unique  seat  steering  and  stabilization  capability.  The 
recent  results  of  this  development  effort  demonstrated  the  leasibility  of  improving  the  safe  ejection 
envelope  to  permit  successful  ejections  from  inverted  aircraft  at  a  height  of  50  feet  above  ground  level 
and  ground  level  escape  at  aircraft  attitude  of  up  to  90  degrees  of  roll.  Two  of  the  major  elements  of 
this  subsystem  are  the  propulsion  steering  unit  and  the  autopilot.  Two,  long  thrust  time,  spherical 
rocket  motors,  independently  moveable  and  driven  by  hydraulic  actuators  make  up  the  propulsion  steering 
unit.  The  autopilot,  which  generates  the  steering  commands  to  the  propulsion  steering  unit,  consists  of 
three  rate  gyros  and  a  microcomputer.  The  microcomputer  also  controls  the  timing  and  sequencing  of 
events  in  the  system. 

PERFORMANCE  DEMONSTRATION  TESTS 

In  an  effort  to  demonstrate  the  concept  feasibility  of  the  vertical  seeking  aspects  of  the  MPES  a 
series  of  flight  tests  were  conducted  (5).  The  two  most  significant  of  these  ejection  tests  were  initiated 
from  a  cockpit  section  suspended  100  feet  above  ground  level.  In  these  two  tests  the  cockpit  was  oriented 
to  a  90°  and  175°  roll  attitude,  respectively.;  The  seat  trajectory  plots  of  these  tests  (elevation  vs 
time)  are  illustrated  in  Figure  3. 

Prior  to  these  tests  the  seat  and  dummy  were  instrumented  to  provide  input  data  useful  in  the  determina¬ 
tion  of  force  parameters  affecting  the  seat  occupant.  The  instrumentation  and  data  presented  herein 
concentrates  on  the  17 v  roll  attitude  test.  The  configuration  of  the  propulsion  and  control  subsystem 
tested  contained  one  spherical  rocket  motor  mounted  in  a  tvo  axes  gimbal  ring.  This  arrangement,  which 
provided  seat  control  in  only  two  axes,  made  it  possible  to  demonstrate  the  feasifility  of  the  vertical 
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seeking  concept  and  in  addition  obtain  significant  data.  The  development  of  the  configuration  having  tvo 
rocket  motors.  Figure  2,  vas  pursued  subsequent  to  the  feasibility  demonstration  tests  discussed  herein.- 

The  tvo  motor  arrangement  will  provide  seat  control  in  the  three  axes  (pitch,  roll  and  yaw)  to 
diminish  the  effects  of  cross  coupling,  provide  increased  position  control  in  an  aerodynamic  environment 
and  aid  in  proper  seat  orientation  for  parachute  deployment. 

Tvo  triaxial  linear  accelerometer  packages  vere  surveyed  on  the  seat  and  these,  together  vith  three 
dimensional  angular  rate  sensor  data,  provide  a  complete  three  dimensional  time  history  of  any  portion  of 
the  seat.  Figure  1  shovs  the  monitored  X  Y  Z  linear  accelerations.-  The  acceleration  measured  on  the 
occupant  seat  system  usea  the  folloving  coordinate  notation:-  +X,  eyeballs  out;  +Y,  eyeballs  right;  +Z, 
eyeballs  dovn. 

The  dummy  (Figure  5),  vas  instrumented  vith  a  triaxial  linear  accelerometer  package  and  three  dimen¬ 
sional  rate  gyros  mounted  in  the  chest  cavity.  Additionally,  triaxial  linear  accelerometers  vere  mounted 
on  the  right  leg  to  detect  possible  strikes  betveen  the  dummy  and  crev  station  vhich  might  effect  seat 
trajectory.  Similarly,  the  dummy  head  vas  instrumented  using  a  three  dimensional  linear  accelerometer 
package.  Since  these  tvo  tests  vere  primarily  feasibility  demonstrations  the  head  and  lover  leg  Joints 
vere  tightened  significantly  to  prevent  adverse  motion  of  the  dummy  relative  to  the  seat,  linear  accelera¬ 
tions  monitored  at  the  dummy's  chest  are  shown  in  Figure  6.  Yaw,  pitch  and  roll  rates  monitored  at  the 
dummy's  chest  are  shown  in  Figure  T.  The  data  obtained  from  tne  175°  roll  attitude  test  identified  a 
maximum  dummy  acceleration  of  +13  G_  monitored  at  tne  foot.  Maximum  head,  chest  and  seat  bucket  accelera¬ 
tions  were  +11  G  ..  These  monitored  linear  accelerations  (by  themselves)  are  less  than  those  presently 
experienced  in  ejection  seats  in  the  Na-y  inventory.  The  effect  of  combined  linear  and  angular  accelera¬ 
tion  compon-.its  however  has  not,  as  yet,  been  quantified.; 

SIMULATION 

In  order  to  be  able  to  estimate  occupant  response  tc  a  given  acceleration  profile,  the  seat  time 
history  has  to  be  well  defined  over  the  time  of  interest.-  It  therefore  becomes  crucial  that  bo.h  the 
seat  and  .lummy  be  properly  instrumented  so  that  modification  tc  the  seat-nan  driving  function  can  be 
related  to  changes  m  occupant  response.;  As  was  pointed  out  previously,  seat  and  dummy  instrumentation 
locations  must  be  surveyed  to  readily  identifiable  landmarks  so  that  the  effects  of  the  seating  and 
restraint  can  be  estimated. 

Occupant  dynamic  response  simulation  (as  related  to  ejections)'  poses  seme  rr:.ler.s  m  extrapolating 
beyond  test  data..  This  is  due  to  the  fact  that  one  is  uealing  with  a  closed  lo«. i  system,  where  occupant, 
motion  within  his  seating  and  restraint  system  can  significantly  alter  the  tra’ectory  achieved  which  in 
turn  is  the  driving  function  of  the  seat-man  system,  ’.’his  differs  from  other  cases  (such  as  crash  simula¬ 
tion)  where  the  mass  of  the  vehicle  is  such  that  the  response  of  the  occupant  tc  the  crash  pulse  leaves 
the  driving  function  (time  history  of  the  seat),  unaltered.-  During  the  initial  phases  of  an  ejection 
however,  when  man-nachine  interface  is  of  major  concern,  the  trajectory  and  seat  forces  are  well  defined 
since  the  seat  is  still  on  the  rails  and  propelled  by  the  catapult. 

Mathematical  modeling  has  been  used  to  replicate  the  test  conditions  previously  described.  Since 
the  dummy’s  Joints  are  significantly  tightened,  as  was  the  restraint  system,  the  accelerations  monitored 
on  the  seat  were  not  significantly  different  from  those  on  the  dummy,  when  translated  to  a  common  coordinate 
system.-  The  effectiveness  of  modeling  will  be  realized  when  the  existing  test  conditions  are  relaxed.- 
The  effect  on  occupant  response,  with  loosening  of  the  Joint  characteristics  (allowing  segment  motion)  as 
well  as  introduction  of  restraint  harness  slack,  can  then  be  effectively  analyzed.;  Additionally,  magnitude 
of  segment  motion  can  be  interpreted  in  terms  of  possible  effects  on  trajectory  (i.e.-  flailing,  C.G. 
shifts,  etc.). 

Occupant  response  to  acceleration  profiles  car  be  directly  related  to  initial  position  cl  the  crew 
member  relative  to  the  crew  station  as  well  as  the  initial  inertial  conditions  of  the  aircraft.  Since 
the  preliminary  dimension;  of  the  MPES  have  been  defined,  problems  in  seat-aircraft  interface  car.  be 
isolated  using  the  Bioman  simulation  package  (2).-  Presently,  the  seat  is  being  evaluates  in  terms  of  the 
AV-8B  crew  station  geometry.  Assuming  that  the  crew  member  is  seated  at  the  design  eye  reference  point, 
the  seat  and  crew  station  geometry  was  used  to  define  an  idealized  seating  position  (2).  Using  these 
initial  segment  positions,  the  monitored  seat  acceleration  time  history  was  used  to  drive  the  seat-man 
system.  Occupant  motion,  relative  to  the  crew  station,  vas  analyzed  in  terms  of  crev  member-crew  station 
compliance.  The  initial  phases  of  the  ejection  are  shown  in  Figure  8,  The  seat  trajectory,  in  relation 
to  the  aircraft,  is  shown  in  Figure  9.-  Although  still  in  the  preliminary  stages,  the  use  of  mathematical 
modeling  will  complement  and  expand  the  test  data  available  and  help  to  quantify  specific  configurations 
that  will  maximize  the  efficiency  of  the  future  track  tests  to  be  conducted. 
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CONCLUDING  REMARKS  BY  SF5SICN  CEAIRMES* 


Fart  I.  Ride  Quality  and  the  Effect  of  the  Phyaicai  Environment  (Dr  Eduard  C.  Burchard,  FRG) 

Four  papers  were  presented  in  this  part  and  it  became  clear  that  the  physical  environment  in  the 
use  of  the  third  generation  military  high  performance  aircraft  plays  a  more  vital  role  than  ever 
due  to  the  high  speeds  involved,  and  especially  due  to  the  tendency  toward  over  lower  flying,  i.e. 
flying  closer  to  the  ground.  This  calls  for  the  best  possible  analyses  of  meteorological  conditions 
and  their  forecast  to  aircrew;  in  the  real  war  situation  there  also  will  be  intensive  battle-field 
activity  that  might  drastically  change  terrain  and  especially  meteorological  condition  in  such  a  way 
that  additional  measures  are  necessary  to  enable  the  flight-crew  to  cope  with  the  visibility- 
deterioration  in  the  respective  situation. 

Active  control  systems  are  under  development  to  reduce  pilot's  workload  and  the  physical  stresses 
encountered  during  flight  in  adverse  meteorological  conditions;  a  variety  of  technical  ways  in  the 
field  of  alleviation  of  ride-bumpiness  by  the  use  of  ride  smoothing  systems  for  instance  can  be  seen; 
further  research  in  this  direction  is  necessary. 

After  many  years  of  operational  experience  in  HSLL-flying,  the  majority  of  test  pilots  and  opera¬ 
tional  crews  are  in  agreement  with  the  statement  that  in  the  HSLL  environment  not  only  the  pilot's 
effectiveness  is  adversely  affected,  but  also  that  problems  of  physiological  tolerance  are  becoming 
apparent. 

Several  outstanding  movie-films  addressing  various  aspects  of  the  operational  characteristics  of 
presently  used  HSLL  aircraft  illustrated  the  above  mentioned  problems. 

In  view  of  growing  surface-to-air  anti-aircraft  weapon  development  it  can  be  foreseen  that  with  the 
new  generation  tactical  aircraft  in  an  anticipated  surface-to-air  jriented  high  threat  confcat 
environment,  there  has  to  be  a  definite  emphasis  on  continuous  development  efforts  for  automated 
systems  integrating  components  within  the  cockpit  affecting  aircraft  controls  and  weapons  delivery 
systems.  The  goal  of  accomplishment  of  successful  mission  dictates  continuous  effort  for  biotech¬ 
nological  improvement  in  order  to  ease  the  load  from  the  aircrew  who  in  the  past  in  many  cases  have 
been  brought  to  the  limit  of  physical  and  psychological  tolerance.. 

Part  II.  Thermal  Effects  of  High-Speed,  Low-Level  Flight  (Dr  Harold  T.  Andersen,  NO) 

In  sunmarising  this  session,  we  may  sav  that  high-speed,  low-level  flight  may  cause  excessive 
thermal  loading  of  aviators  due  primarily  to  solar  radiation  by  the  so-called  greenhouse  effect, 
but  also  due  to  the  aerodynamic  heating,  the  heat  generated  on  board  by  avionics,  and  the  increased 
metabolic  heat  produced  by  the  demanding  physical  workload  in  flight.  The  aviator  is  frequently 
at  a  disadvantage  as  far  as  unloading  excessive  heat  is  concerned  due  to  his  multi-layer  flying 
clothing  and  the  hot  and  sometimes  humid  cockpit  environment  which  very  adversely  interferes  with 
the  dissipation  of  heat.  It  has  been  clearly  demonstrated,  I  think,  that  pilot  overheating  may 
lead  to  a  decrement  in  task  performance,  decreased  G  tolernnce  and  fatigue.  Thermal  stress,  thus, 
has  been  identified  as  an  environmental  factor  which  may  cause  hazardous  flying  conditions.  Most 
fighter  aircraft  in  current  use  have  been  designed  with  but  little  emphasis  placed  on  the  thermal 
comfort  of  crew  members,  as  anyone  who  has  flown  them  will  readily  testify.  The  new  generation  of 
fighter  aircraft,  among  them  the  Tornado,  the  Mirage  2000,  and  the  F16,  reportedly  have  very  much 
better  cabin  conditioning  syste-is  than  their  predecessors,  although  the  resulting  noise  levels  nay 
be  excessive;  a  factor  which  constantly  needs  to  be  considered.  If  one  accepts  thermal  overload 
as  a  serious  risk  factor  in  high-speed,  low-level  flight,  we  would  like  to  submit  the  following 
recommendations.  The  specifications  for  the  cooling  capacity  of  an  aircraft  and  environmental 
control  system  ought  to  be  man  orientated  as  was  appropriately  emphasised  in  this  session.  If  a 
cockpit  conditioning  system  is  chosen  it  should  be  effective,  and  at  the  same  time  it  should  not 
introduce  new  undesirable  factors  such  as  a  high  noise  level,  or  carry  a  great  weight  penalty,  or 
adversely  affect  the  thrust  to  weight  ratio  of  the  aircraft  in  order  to  function  properly. 


Part  III.  Vibration  Effects  of  High-Speed,  Low-Level  Flight  (Dr  Alan  J.  Benson,  UK) 

The  eight  papers  presented  in  this  session  fell  into  two  broad  categories,  those  that  dealt  with  the 
transmission  of  vibration  through  the  body,  and  those  that  described  impairment  of  performance 
produced  by  whole  body  vibration.  These  two  area-;  of  research  are  complementary  in  so  far  as  an 
accurate  description  of  the  transmission  of  vibration  from  the  aircraft  structure  to  different  parts 
of  the  aviator's  body  should  permit  a  reliable  prediction  to  be  made  of  the  effect  of  a  given 
vibration  environment  on  a  particular  aspect  of  performance,  such  as  vision  or  manual  conttol. 
However,  the  complexity  of  an  adequate  biodynamic  model  was  made  ven-  apparent  by  the  papers  which 
described  the  transmission  of  sinusoidal  vibration  (predominantly  z  axis  vibration)  to  different 
parts  of  the  body.  For  example,  motion  of  the  head,  measured  in  different  studies  by  displacement 
and  acceleration  (linear  and  angular)  transducers,  in  response  to  a  sinusoidal  z  axis  vibration  is 
not  simply  a  translational  movement  in  the  z  axis,  but  involves  translational  and  angular  movement 
in  all  thiee  orthogonal  axes.  In  addition,  at  certain  frequencies  (principally  2-4  Hz)  the  dominant 
angular  movement  of  the  head  is  at  the  second  harmonic  of  the  forcing  frequency. 

The  difficulty  of  developing  ar.  adequate  biodynsmic  model  wae  substantiated  in  different  ways  by  the 
various  contributions.  Measurement  of  mechanical  impedence  showed  how  readily  transmission  was 
modified  by  muscle  tone,  even  in  a  restrained  seated  posture.  Changes  in  the  seat  back  angle  were 
also  shewn  to  alter  transmission  to  tne  head  -  a  factor  of  some  concern  in  view  of  the  possible 
introduction  of  reclined  seats  (with  high  back  angles)  to  increase  C  tolerance  in  future  air-combat 
aircraft.  A  further  and  unwelcome  complication  of  the  biodynamic  model  was  the  demonstration  in  the 


amplitude  spectra  of  head  acceleration  of  non-linearity  in  transmission  characteristics  as  a 
function  of  vibration  intensity. 

The  impairment  of  vision  by  vibration  has  long  been  recognised,  and  design  principles  for  achieving 
maximum  legibility  of  instrument  displays  are  well  established.  However,  the  problem  of  modelling 
visual  performance  *n  a  vibration  environment  is  a  formidable  one.  Even  when  the  angular  and  linear 
motion  of  the  head  is  known  and  a  reliable  assessment  of  the  relative  movement  of  the  eyes  with 
respect  to  the  visual  target  car.  be  made,  target  variables,  such  as  size,  contrast,  luminance, 
colour,  conspicuity  and  background  structure,  all  influence  the  probability  of  a  target  being 
correctly  perceived.  While  an  adequate  model  has  yet  to  be  developed,  work  in  this  area  has  provided 
useful  information  on  neural  mechanisms  controlling  eye  movements  and  upon  the  degradation  of  visual 
acuity  associated  with  movement  of  the  retinal  image. 

Other  papers  dealing  with  the  effects  of  vibration  on  performance  were  more  pragmatic.  One 
demonstrated  that  a  new,  high  luminance,  numeric  display  could  be  read  with  few  errors  during 
vibration;  anothi r  examined ^the  effect  of  vibration  on  the  accuracy  of  aiming  a  helmet-mounted  sight. 
The  latter  study  showed  that  during  simulated  turbulence,  accuracy  was  appreciably  degraded  by  low 
frequency  (<  4  Hz)  angular  head  movements  which  limited  the  usefulness  of  the  system  to  coarse 
weapon  aiming.  Techniques  involving  the  filtering  or  scaling  of  the  head  position  signal  showed 
promise  for  improving  accuracy  in  specific  applications. 

Although  the  papers  presented  in  this  session  were  of  value,  in  so  far  as  they  extended  knowledge 
of  the  effect  of  vibration  on  man,  all  the  studies  were  concerned  with  the  effect  of  either  simple 
sinusoidal  vibration  or  the  vibration  spectra  of  old  aircraft.  Regrettably  there  was  a  lack  of 
information  on  the  vibration  environment  of  the  next  generation  of  aircraft,  designed  for  flight  at 
high  speed  and  low  level,  in  which  high  wing  loading  and  active  ride  smoothing  systems  should 
materially  ameliorate,  if  not  prevent,  the  deleterious  effect  of  vibration  on  aircrew  performance. 


Part  IV.  Cockpit  Design  and  Aircrew  Workload  (Dr  J.  Colin,  FR) 

Les  communications  prdsentees  au  cours  de  la  session  intitul£e  "conception  du  poste  de  pilotage  et 
charge  de  travail  de  l'dquipage"  pcuvent  so  classer  en  deux  groupes  in£gaux.  Le  premier  groupe 
ne  concerne  qu'une  communication,  celle  de  Monsieur  H.  MUTdCHLER  qui  a  pr£sente  une  etude  ayant 
trait  h  la  detection  d'objectifs  sur  un  6cran  de  television  montrant  le  sol  ddfilar.t  sous  la  camera 
d'ut.  engin  t£l£guid£  de  reconnaissance.  Bien  quo  correspondent  h  une  £tude  sur  le  personnel  au  sol, 
les  conclusions  tir£er  sur  les  paramStres  influengant  le  taux  de  detection  sont  cependant  applicables 
aux  problSmes  de  presentation  des  informations  dans  un  poste  de  pilotage.  Le  deuxifeme  groupe  a  plus 
pr£cisement  concerne  le  sujet  de  la  session  et  peut  se  subdiviser  lui-m§me  en  deux  parties  portant  : 

1°/  sur  les  dispositifs  de  presentation  des  informations  tdte  haute  ou  t6te  basse  montes 
sur  les  tableau  de  bord, 

2°/  sur  les  dispositifs  de  presentation  des  informations  par  dispositifs  montes  sur  casque. 

En  ce  qui  concerne  les  dispositifs  montes  sur  le  tableau  Je  bord  et  la  charge  de  travail  des 
equipages.  Monsieur  MORRIS  A.  OSTGAARD  a  presente  de  faqon  saisissante  des  progrfcs  realises  dans  le 
guidage  et  le  contrble  des  avions  grice  &  1 'utilisation  de-  microprocesseurs  et  en  particulier  : 

1' amelioration  des  performances  atteintes  par  les  nouveaux  avion'  &  commandes  dlectriques,  leur 
mar.iabilite  et  l'apparition  de  performances  nouvelles  (possibilites  d' accelerations  laterales 
avec  changements  d'altituda  et  la  ligne  de  vol  sans  changement  d'assiette).  II  a  ete  interessant 
de  noter  au  passage  que  toutes  les  phases  de  vol  ne  beneficient  pat  de  la  mfime  man  if1  re  de  ces 
nouvelles  techniques. 

Monsieur  R.H.  HOLMES  s'est  attache  plus  spdcialement  I  la  disposition  des  comnandes  et  la  presentation 
des  informations  sur  ecran  de  television.  II  a  montre  que  l'on  pouvait  diminuer  le  temps  d'accomoda- 
tion  oculaire  et  simplifier  le  choix  des  informations  n£cessaires  &  telle  ou  tell?  phase  de  vol  en  les 
presdlectionnant  et  les  collimatant.  11  a  aussi  montre  la  faisabilite  actuelle  des  ccrans  de 
television  en  couleur  ayant  les  caracteristiques  requises  pour  6tre  utilises  en  vol,  et  les  benefices 
que  l'on  peut  attendre  de  ce  perfectionnement  dans  la  diminution  de  la  charge  de  travail  des 
equipages . 

En  ce  qui  concerne  les  dispositifs  montes  sur  casques.  Monsieur  D.N.  JARRETT  a  etudie  la  g6ne  apportee 
par  les  mouvements  relatifs  du  casque  et  de  la  tete  au  cours  des  accelerations  et  vibrations 
rencontrees  au  cours  du  vol  &  br.sse  altitude  et  grande  vitesse.  II  a  montre  qu'en  augmentant  la 
brillance  d> i  informations  on  pouvait  diminuer  la  gSne  apportee  par  ces  mouvements. 

Madame  Gloria  twii  E  CHISUM,  grice  6  son  experience  etendue  dans  ce  domaine,  a  montre  tour  l'intdret 
de  ces  dispositifs  sut  differents  types  d'appareils  et  pour  differentes  phases  de  vol.  Elle  a 
indique  les  axes  de  recherches  qui  doivent  faire  l’objet  d'effort  :  choix  des  synfcoles,  de  la  tsille 
des  lettres  et  chiffres,  du  contrSle  automatique  de  leur  brillance,  de  la  distance  de  projection,  de 
l'angle  visuel  couvert  par  ces  informations  et  developpement  d'un  systtme  binnculaire. 

Le  Professeur  M.L.  WOLBARSHT  u  enfin  dressd  un  tableau  des  differentes  recherches  sur  la  vision 
entrepr'ses  sous  l’impulsion  de  l'U.S.  Navy,  S  la  fois  dans  les  domaines  fondamentaux  et  les 
domaines  appliques. 
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En  conclusion,  cette  session  a  montrd  qu'en  raison  des  bdndfices  attendus  dans  l'alldgement  de  la 
charge  de  travail  des  Equipages,  il  dtait  de  la  plus ^haute  importance  de  poursuivre  les  efforts 
entrepris  dans  la  presentation  des  informations  par  ecran  de  television,  notamment  en  coleurs. 
Elle  a  aussi  montrd  que  les  dispositifs  montes  sur  casque  pouvaient  etre  considdrls  comae  un 
dispositif  d'avenir,  et  peut  Stre  comae  une  solution  pour  les  avions  I  haute  performance  pour 
assurer,  sans  trop  de  probl&mes  techniques,  le  pilotage  sur  sifege  basculant  ou  avec  dossier  trfes 
incline. 


Part  V,  Escape  and  Survival  (Dr  Sarah  A.  Nunneley) 

We  have  seen  that  high-speed,  low-level  flight  presents  tremendous  challenges  in  the  area  of  escape 
and  survival.  In  particular,  benefits  can  be  gained  from  the  analysis  of  put  experience  with 
escape  and  ejection,  and  also  computor  modelling  is  a  very  useful  technique.  We  have  seen  the  very 
great  extent  to  which  realistic  training  can  contribute  to  certain  types  of  survival  for  example, 
following  ditching.  However,  in  the  high-speed,  low-level  mode,  especially  over  land,  it  appears 
that  maximal  automation  of  the  escape  processes  will  be  advantageous.  Of  courre  the  real  problem 
here  is  how  to  prevent  completely  any  mistaken  actuation  of  these  systems,  such  as  the  disengagement 
of  the  parachute  harness,  or,  if  it  is  ever  possible,  to  approach  the  problem  of  automatic  initiation 
of  ejection.  We  were  told  today  of  the  problem  of  keeping  the  pilot  unwillingly  in  the  aircraft  after 
he  had  decided  to  leave;  I  think  it  would  be  considerably  worse  to  find  yourself  leaving  the  aircraft 
when  you  would  prefer  to  remain.  We  have  seen  that  there  are  a  number  of  different  approaches  to 
these  escape  problems  and  I  think  it  would  be  good  if  we  can  eventually  come  to  a  consensus  among 
our  different  laboratories  and  nations  as  to  how  best  to  solve  these  problems.  In  doing  so  it  seems 
to  me  that  we  need  to  keep  in  mind  that  sometimes  our  priorities  change  when  we  consider  two  very 
different  conditions:  escape  and  survival  in  peacetime  and  training,  as  opposed  to  escape  and 
survival  in  wartime.  While  I  am  not  an  expert  in  this  particular  area,  I  wonder  for  instance,  whin 
we  are  eliminating  some  of  the  equipment  that  the  man  carries  with  him  because  we  have  very  rapid 
pick-up,  particularly  from  the  sea,  whether  in  wartime  we  may  rather  suddenly  find  that  our  pick-up 
is  not  so  quick.  Similarly,  I  can  see  some  disadvantages  to  being  rocketed  to  a  considerable  height 
and  then  floating  slowly  downwards  over  enemy  territory.  In  conclusion  I  think  that  this  session 
has  pointed  out  that  there  are  considerable  grounds  for  continuing  discussion  on  this  topic,  and  I 
hope  we  will  see  this  happen  in  the  future. 


‘Editor's  note: 

Summaries  for  parts  II  and  V  are  tape  transcripts  edited  by  the  session  organiser:  those  for 
parts  I,  III  and  IV  have  subsequently  been  rewritten  by  the  individual  chairmen. 
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